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I. INTRODUCTION 
Droughts are periods of water deficiency associated with low water 
supplies and high evaporative losses from soils and plants. During a 
drought period, the decreased soil water content limits uptake of both 
nutrients and water. Limited quantities of these components in turn 
limit plant growth through various physiological processes (Hsiao, 1973) 
and virtually reduce the crop yield. The degree of the reduction varies 
with soil, climatic conditions and stage of plant development. 
Since roots are the only organs that absorb water and nutrients 
from the soil and most growth processes are affected either directly or 
indirectly by the water supply, their function and development are very 
important for the efficient use of a limited supply of water in soil. 
For example, soybean plants will evaporate about 0.7 cm of water a day 
in midsummer. In a silt loam soil of which available water-holding 
capacity is 0.1 cm per cm of soil, the upper 50 cm soil layer will pro­
vide only 7 days of available water and the flow of water from deeper 
zones is far too slow to meet such a requirement if roots do not exploit 
a deeper zone. Consequently, water uptake from in the profile may be 
limited by lack of roots as well as by soil resistance to water move­
ment (Kramer and Coile, 1940). 
Previous work has shown that the root distribution pattern can be 
altered by soil water status, by tillage and management practices, by 
physical and nutritional conditions of soil, and by the environmental 
conditions. It has also shown that deep roots can extract a significant 
amount of water from the subsoil. However, it is not yet clear whether 
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these deep roots can absorb water as effectively as roots distributed in 
upper layers and whether differences in rooting pattern affect depth of 
water extraction from a soil. The difficulties of interpreting the 
water extraction patterns are mainly due to the complicated differenti­
ation of the rooting system and to the lack of techniques for directly 
measuring parameters governing water movement through the soil-plant-
atmosphere continuum. 
Two approaches to the water uptake modeling have been taken (Hillel, 
1975). The first one is a "macroscopic" approach that regards the whole 
system as an entirety, thus disregarding the flow patterns toward indi­
vidual roots and avoiding the geometric complications involved in 
analyzing the distribution of fluxes and potential gradients around the 
root surface. The second one is a "microscopic" approach often called 
"single root model" that takes into account the potential gradients and 
fluxes around the root. 
Regardless of which approach is used, the inherent complexities of 
space-time dependent parameters and nonhomogeneity cause major diffi­
culty. Some of these parameters are in the atmosphere (radiation, rain­
fall, temperature, humidity, wind speed), some are in above-ground parts 
of the plant (leaf area, leaf resistance, leaf water potential, crown 
water potential and crown resistance, canopy volume), some are in the 
roots (rooting depth and distribution, root length density, root re­
sistance to water flow), and some are in the soil (soil water potential, 
soil hydraulic conductivity and nutritional materials). 
In this study, water uptake patterns of soybeans were simulated by 
3 
a numerical computer technique with parameters obtained in field exper­
iments at the Western Iowa Research Center, Castana, Iowa. 
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II. BASIC EQUATIONS 
A. Water Balance 
For a quantitative description of water exchange in the soil-plant-
atmosphere system, a water balance equation is used (Jensen et al., 
1959). In one dimensional space it equates évapotranspiration with in­
put variables [precipitation (P), irrigation (I), runoff (R^), capillary 
rise (C^p)j or drainage (D)] and output variables [storage change (AS) 
and évapotranspiration (ET)]. 
t2 zi t 
AS = / I dz dt = / ^ (P + I - (D or C ) - ET) dt (1) 
tl ^o "P 
in which 9 is the volumetric water content, t is time, z is depth and 
subscripts o and L represent the surface of the soil and the maximum root­
ing depth, respectively. Each component is shown diagrammatically in 
Fig. 1. 
The components P, I, and E are governed by the conditions of 
atmosphere and partially by the condition of the soil surface. The com­
ponents D and C are determined by the internal characteristics of soil 
up 
at the lower boundary concerned. AS is the complete water content change 
from the surface to the lower boundary. This term becomes very important 
in short term interpretation of dynamic status of soil water, especially 
during a drought period. 
B. Continuity Equation 
A partial differential equation of the vertical transient flow of 
water in a soil compartment can be written as 
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Rain spiration 
Irrigation 
Soil evaporation 
Runoff 
1=1 
I=N 
Drainage 
Capillary 
Water table 
Fig. 1. Schematic drawing of the soil-plant-atmosphere system 
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i? = (%('') il) - (2) 
where ip is the total potential and A(z,t) is a sink term representing 
water uptake by plant roots. The initial and boundary conditions are: 
t = 0, z Z 0, 0 = 9 
1 
t > 0, z = = -K^/e) 
t > 0, Z = 0, Eg > q = -K^(e) H = q+(I+P) (2a) 
t > 0, z = 0, E <q = -K (6) q = E + (I+P) 
S O o Z 0 s 
where E^ is the soil evaporation estimated from Ritchie's (1972) model with 
the energy balance, KQ is the soil hydraulic conductivity, and q^ is 
the flux at the surface. The total potential is sum of the matric po­
tential } the solute potential (^^), the gravitational potential 
(^ig) and other component potentials such as overburden potential, tem­
perature dependent potential, etc. (E^^). 
The sink term A(z,t) is defined as the rate of water uptake from 
a unit volume of soil and can be represented in the following form: 
A(z,t) = Ly(z,t) X q^(z,t) (3) 
: I"" • (4) 
soil root 
Ly is the root length density of the individual compartment and q^ is 
the water uptake rate of a unit length of root, is the total water 
potential in the xylem vessel. R and R ^ are the resistance 
^ soil root 
against water transport from soil to root surface and the resistance of 
root surface to xylem, respectively. 
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The total extraction rate (q^) from all volume elements equals the 
transpiration rate (T) of equation (1) 
^ 1 • 
C. Framework with Ohm's Analogy 
A schematic representation of a root system for water transport can 
be shown using the electrical analog in Fig. 2 (Hillel, 1972). Soil 
layers are shown as capacitors linked by the variable resistances of 
unsaturated vertical flow and discharged by the roots through the vari­
able resistances of the root-canopy continuum. 
The network can be described by a set of equations equating the 
canopy potential ('P^) at the soil surface to the potential drops caused 
by water flows and resistances (Meyer, 1976). 
*1 - 91*1 - "ÎT \l = 
«•2 - - (q2 + ^3 + ••• q„)\3 " \l " *0 
"n - W - j, \± -
1=1 J=1 
where R. is the radial resistance, R . is the axial resistance, and ib. 1 XI 1 
is the soil water potential at the ith layer. A simultaneous solution 
of equation (6) containing n equations with known R^, q^, R^^ and 
can be shown as: 
(7) 
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source 
(rain or 
irrigation) atmosphere V( t )  
leaves 
I stem 
crown j!^^_soi1 surface 
k&ie, 
drainage 
Fig. 2. Schematic representation of the conceptual model of a root-
soil system as a resistance network 
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in which is the "effective soil water potential" and is the "effec­
tive root resistance" for whole root system, and can be calculated by the 
following formulae: 
where D's are coefficients 
0.-2 - 1 + Kx,n_l(R^-r + R \R> 
n-1 x,n n 
"n-S - 1 + \.n-2»n-2> 
"i ^ * "x.a^a' 
These coefficients can be calculated by a recurrent procedure. A quick 
examination shows that D's are close to 1.0 when the axial resistances 
are comparatively smaller than the radial resistances. For the case 
n=3, the solution is identical with that of Seaton and Landsberg (1978). 
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III. LITERATURE REVIEW 
A. Water Transport Pathway and Ohm's Analogy 
The major roles for the root system of a plant are absorption of 
water and nutrients, anchorage, storage and the synthesis of various 
organic compounds (Kramer, 1969). This review will examine the function 
of the root in the extraction of water from soil and some problems in­
volved in the transport pathway along the soil-root-canopy system. 
Two courses of water uptake by roots have been discussed in the 
literature. Active uptake is metabolically controlled by the secretory 
activity of root cells, including electro-osmotic or simple osmotic 
processes. Passive uptake is controlled by the potential gradient 
created by hydraulic pressure or tension developed when evaporational 
loss from leaves exceeds the root water uptake (Crafts et al., 1949). 
Importance of active uptake has been emphasized in the past (White, 
1938, 1942; Fensom, 1957; Minshall, 1964). However, Kramer (1969) has 
reasoned that the active uptake of water is of negligible importance 
because (1) the volume of exudate is small in comparison to total tran­
spiration, (2) the root pressure as a driving force is negligible in 
most crops, and (3) an intact plant can absorb water from drier soil 
than can a detopped root system. 
Numerous writers have developed mathematical models of water 
transport using an electrical analogy assuming the transpiration pull is 
the main source of hydraulic force for water transport through the soil-
root-canopy catenary. The resistance in the radial pathway of water 
transport from soil to the soil-root interface is defined as the soil 
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radial resistance. This resistance is determined by the physical 
properties of soil and the geometry of soil-root system. The resistance 
imposed on the radial pathway from the root surface to the xylem vessels 
is "root resistance", and the resistance of the longitudinal pathway 
through the xylem vessels is "axial resistance". According to Richter 
(1973), the original idea of using Ohm's law in the water transport 
model is Ruber's (1924) and Gradmann's (1928), and that Ruber (1924) 
used a more complete equation for the total water potential. Ruber's 
equation shows: 
'^1 " + *x + (10) 
where is leaf water potential, ip^ soil water potential, hydro­
static potential, T transpiration and R^, R^ and R^ are resistances to 
water transport in soil, xylem and leaf parenchyma, respectively. 
Van den Honert (1948) assumed that the rate of water transport, 
is the same in all successive parts and wrote 
dm ^1 - *^0 _ '^2 - ^1 b ~ "^2 ^ ~ *^3 
dt - R, - R; - - B., 
at steady state. The successive parts are collective wholes of root 
cells, xylem, leaf cells and gaseous phase. 
Several difficulties have been recognized in dealing with the Ohm's 
analogy. Cowan (1965) stated that the circumstances required should be 
strictly isothermal and the net flow of solute through the system should 
be small. He also stated that it could not be supposed that osmotic 
potential gradients would be necessarily equivalent to other components 
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of the water potential gradient in determining rates of flow. Even 
today, there is considerable uncertainty whether or not leaf water 
potential decreases linearly with increasing flow rate through the 
plant. Part or all of these uncertainties may be due to difficulties 
in measuring total water potential at various points along the flow path­
way. However, resistance truly may decrease with increasing rates of 
flow. 
Since the major resistance appears to reside in the root system, 
such changes in resistance may be due to increases in root conductivity 
with flow rate. The detailed mechanism is not known yet and beyond the 
scope of this review. The next five sections will involve each com­
ponent of total resistance and some factors that affect root resistance 
in more detail. 
B. Axial Resistance 
Axial root resistance to flow in a root R is defined as: 
a 
"a '  f  (12)  
3 
where Q(cm /day) is the rate of flow and (bars) is the change in 
potential along the root in the direction of flow. The axial flow along 
the root is confined to the xylem (Slatyer, 1967; Kramer, 1969) in most 
plants. The intercellular spaces in the cortex may also conduct water 
(Kozinka and Luxova, 1971). This pathway can be neglected in most cases 
because the permeability of the spaces is too low to satisfy transpira-
tional demand of a plant. 
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The axial resistance through the xylem vessels also is often 
neglected or considered to be small when compared to the radial resist­
ance- However, this is not always the case. Wind (1955) reported that 
water uptake from deeper than 20 cm depth was substantially limited in 
grass roots. He concluded that axial resistance was an important factor 
restricting water uptake in a seminal root system. Passioura (1972) and 
Meyer et al. (1978) also suggested that the axial resistance in seminal 
roots was a major factor limiting water transport in wheat. 
Davis (1940) found that corn roots showed some preferential uptake 
near the base and suspected that some physiological characteristic of 
corn roots caused this preferential uptake. 
Taylor and Klepper (1975) reported no difference in water uptake of 
cotton roots at different depths, while Willatt and Taylor (1978) revealed 
some evidence of difference at different depths in soybean roots. 
Recently, Meyer and Ritchie (1980) criticized the work of Taylor and 
Klepper, stating that the method they used was not sufficiently precise 
to conclude that the axial resistance did not exist. 
Poiseuille's law is commonly used to estimate the magnitude of the 
axial resistance. The relation between flux through a longitudinal tube 
and viscosity is 
Q = # (13, 
where Q is the flux (cm^/day), is potential difference between two 
ends, r is the radius of the tube and 1 is the length, and p is the 
Tir^ 
viscosity of water. In this equation, "g^ is simply the reciprocal of 
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the constant in equation (12), and the tube radius is a particularly 
important variable determining the magnitude of the friction loss 
(Levitt, 1972). 
Since the conducting xylem vessel is complex in shape and varies 
in diameter, Emerson (1954) used the effective radius, r^, which con­
ducts the same amount of water at the same potential drop. Ponsana 
(1975) calculated r^ for both the basal and apical cross-section measured 
by Emerson (1954) and combined them with harmonic mean as: 
4i 
N 
n 
il * • 
He reported the measured resistances were 1.3 to 3 times greater than 
calculated values for wheat, ryegrass and orchard grass. Tyree and 
Zimmermann (1971) also reported the measured values were 1.5 to 3 times 
greater than the calculated. 
Greacen et al. (1976) summarized the axial resistances for cereal 
- 2 - 3  3  
crops and showed that range was 10 to 10 day-bars-cm root/cm water. 
The resistance of the adventitious root of com was reported as low as 
7 X 10 ^  day-bar-cm root/cm^ water. 
No literature can be found on the axial resistance of soybeans, 
except Taylor and Klepper (1978) speculated that the potential drop 
along the roots of soybeans might be approximately 0.07 bar/cm, using 
the data of Willatt and Taylor (1975). 
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C. Soil Resistance 
Soil resistance can be defined as the reciprocal of the radial con­
ductivity of soil water to the root surface. Philip (1957), Gardner 
(1960), and Cowan (1965) have described the radial resistance theoreti­
cally. Their analyses of the microscopic approach were based on the 
assumption that the root is a long uniform cylinder and a potential drop 
will develop around the root to allow water movement in the direction of 
decreasing energy. These analyses were also based on the assumption 
that major resistance was due to the low rate of water movement through 
the layer of dry soil in the immediate vicinity of soil-root interface. 
These assumptions were criticized by Newman (1969a,b). He stated 
that water movement from soil to root surface would not limit the uptake 
by plants until a soil water potential of -15 bars or less was 
realized. There is considerable experimental evidence supporting his 
argument (Lang and Gardner, 1970; Lawlor, 1972; Hansen, 1974); however, 
DeRoo (1969) and Carbon (1973) pointed out that the soil resistance 
might still be important in sandy soils at a potential of near -1.0 bar. 
Obviously, the relative importance may be dependent on the soil type 
and the rooting geometry (Meyer, 1976). 
The analysis still deserves attention in developing water uptake 
models. Gardner (1960) solved a differential equation in cylindrical 
coordinates for a single root and gave two solutions. The first equation 
shows : 
q. 4Dt 
(15) 
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•where is the soil water potential at a distance r from the center of 
the root, is the soil potential at the surface, k and D are the 
hydraulic conductivity and diffusivity, a is the radius of the root, 
and Y is the Euler's constant (0.57722 ). 
The second formula is 
2 
K - K = • (16) 
If one takes b = Z^Dt, and drops the term y, then this equation is 
identical to equation (15) where the term y is relatively small in mag­
nitude in comparison to logarithmic term. The maximum radius b will be 
limited by the density of roots. One can take a root length density 
3 (L^, cm/cm ) and calculate the b as 
b = (nLy)"l/2 _ (17) 
Taylor and Klepper (1975) calculated the approximate distance between 
roots randomly distributed in space. They used Ogston's formula (1958) 
which was developed for randomly dispersed line segments: 
b = (4 . (18) 
The only difference between these two formulae is in the constant terms 
TT and 4. 
From equation (17), soil resistance may be calculated as 
ln(g) 
and is a function of soil hydraulic conductivity and the root density. 
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D. Radial Root Resistance 
The radial root resistance to water transport from the root surface 
to the xylem element is defined, using the assumption that the root is 
an infinite cylinder, in a radial pathway with a cylindrical coordinate 
system by the equation 
*r = (20) 
X r 
3 
where q^ is the volume of water flow (cm /sec/cm root), and ^ ^  is the 
water potential of the xylem vessels. 
Fiscus (1975, 1977) and Fiscus and Kramer (1975) used the potential 
term as a resultant from the hydrostatic and osmotic pressure differ­
ences; however, the osmotic term can be deleted when the flow increases 
because the salt concentration gradient in the pathway becomes so low 
that the reduced flow by this term can be neglected (Kramer, 1969). 
The gravitational term of the potential also can be neglected because 
it is so small when compared to the magnitude of other potentials. 
The radial pathway of water through layers of cells surrounding 
xylem vessels can be depicted as Fig. 3. Taylor and Klepper (1978) 
demonstrated the pathway from root surface to xylem vessels with a typi­
cal crop plant root. They assumed diameter was 0.05 cm. They showed a 
distribution of number of cells for each layer, and that 80% of the 
distance across the root is in the cortex and epidermis so that the 
resistance through cortical cells and epidermis might be important what­
ever the resistance for the one-cell endodermal layer. 
The sketch illustrates that there are two transport pathways through 
Endodermls (n=l) Epidermis (n=l) 
Stele (n=7) Soil water Cortex (n=ll) 
soil particle 
apoplastic pathway 
Fig. 3. Schematic representation of the radial pathway of water through 
the layers of cells. The number of layers are demonstrated in 
the parentheses. C: cytoplasm; V: vacuole; W: cell wall 
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the cortex. They are apoplastic pathway and a symplastic pathway. The 
pathway 1 is the vacuolar pathway that was favored in the early years and 
later the pathway 3, apoplastic pathway, was put forward (Newman, 1974). 
The sketch shows that an apoplastic barrier may be located in the endo-
dermis. The pathway 2 is the symplastic pathway. The significance of 
the symplastic pathway has been considered by Newman (1974) and 
Weatherley (1968). The driving forces of the pathway are the hydrostatic 
gradient developed between the xylem and root surface and some osmotic 
gradient developed across the root. The resistance to water flow through 
the cortex may be smaller than through the endodermis. Milburn (1979) 
calculated the hydraulic conductivity (reciprocal of resistance) of 
several crops from collected data assuming that the endodermis was the 
critical and only resistive barrier to flow and the thickness of this 
layer was approximately 10 p. He also assumed that one-fifth of the 
epidermal surface was the absorbing surface. These showed a very wide 
range between species and between conditions of experimental materials. 
The range showed orders of 10 ^ cm/bar-day to 10 ^ cm/bar*day. The con­
ductivity of maize roots intact was 1.21 x 10 ^  cm/bar-day and that of 
stripped stele was 2.07 x 10 ^  cm/bar-day (Anderson and Reilly, 1968). 
House and Findlay (1966) reported similar values. These values implied 
that the resistance of cortical and epidermal cells is not negligible. 
Consequently, as Taylor and Klepper (1978) suggested, the root resist­
ance to radial flow of water would be spread across the root radius 
rather than be concentrated in one layer of cells such as endodermis. 
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E. Combined Resistance of the Soil-Root Radial Pathway 
It is difficult to measure the water potential distribution along 
the radial pathway and at the soil-root interface, and to test single 
root models experimentally. Therefore, Taylor and Klepper (1975) 
developed a combined model of the soil-root radial pathway, and defined 
the hydraulic conductivity of the soil-root system as 
^ ^"^^s^^stele^ . (21) 
sys 2ir  ( tp^ -  ip^)  
They used the outer edge of the root xylem as a boundary instead of the 
root surface, is again the water uptake rate per unit length of 
root, >p^ is the xylem water potential, and is the soil water poten­
tial at the middle between two adjacent roots. They tested this model 
on the cotton, and reported the hydraulic conductivity of the system 
was of the order of 10 ^ cm/day at a wide range of soil water potentials. 
It approached the hydraulic conductivity of the soil at low water poten­
tials implying that resistance of dry soil is important. Fiscus and 
Markhart (1979) used the formula of Taylor and Klepper (1975) for 
Phaseolus and Glycine grown in a nutrient solution, and showed hydraulic 
conductivities of similar order assuming the radius of root was that of 
outer boundary. 
F. Factors Affecting Root Resistance 
In single root models, root resistance is assumed constant and each 
unit root length is assumed to be equal regardless of its location with­
in the root soil system. However, complicated differences among various 
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parts of a living root may localize the ability of water uptake and 
alter this assumption (Caldwell, 1975). Root differentiation shows 
three general zones along a root of a higher plant (Ames, 1941). These 
are the meristematic zone, the root hair bearing zone, and the matured 
root zone. The meristematic zone is covered with a hard cap to over­
come mechanical impedance when it elongates. The cell elongation zone 
follows. Sharp and Davies (1979) reported a steep water potential 
gradient was maintained between the tip of a root and the region just 
behind the tip due to a high resistance to water flow between two seg­
ments and it might be due to the lack of xylem development in this 
region. Therefore, these regions can be ignored from the water uptake 
standpoint. 
The root hair bearing matured zone has been thought to be the most 
efficient zone of water and nutrient uptake. However, the role of 
root hairs in water uptake is not as clear as in nutrient uptake. To 
clarify the role of root hairs in water uptake, Newman (1974) assumed 
a flow rate 3 x 10 ^  mm^/hr-bar-hair and compared this with the soil 
conductivity of a Pachappa sandy loam soil. He concluded that the 
conductivity of the root hairs was much smaller than the soil hydraulic 
conductivity, even at -15 bars, and that the root hairs had little 
effect on water transport from soil to the root xylem. 
The matured and suberized region of the root beyond the root hair 
bearing zone plays an uncertain role in water and nutrient uptake. 
Kramer and Bullock (1974) attempted to compare the water uptake of 
suberized roots and unsuberized roots, and found that the suberized 
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roots had a significant permeability for Loblolly pine trees. Newman 
(1974) also found no justification for the assumption that water uptake 
might occur mainly in younger parts of the root system. Atkinson and 
Wilson (1979) reported that cherry trees rapidly depleted soil water 
where little or no young roots existed and concluded that woody roots 
had higher permeability. 
Clarkson et al. (1971) reported significant differences in water up­
take per unit length along the length of seminal roots of barley and the 
permeability was greater by a factor of 3 to 4 in the apical zone than 
in the basal part of the same axes, and Clarkson et al. (1974) found 
that the uptake rate of a marrow root segment decreased at a factor of 8 
during its aging. 
These data indicate that the effect of age on water uptake rate of 
a root may differ by plant species. Because the water uptake rate varies 
between old and young roots, root growth itself is an additional important 
factor in determining the availability of soil water and uptake of water 
by plants, and these are strongly dependent on the time variable. 
Caldwell (1975) accepted that localization of water uptake may 
occur due to the differences in resistance between suberized and unsuber-
ized roots. He proposed a model that describes water flow as the two 
legs of the circuit representing radial flow through two suberized and 
unsuberized segments. 
E - (S3, + ug) . (*, - «2) 
where the subscripts on the left of R's are suberized and unsuberized 
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root sections. 
Root resistance may vary with the environmental conditions and 
nutritional status. As previously mentioned, the osmotic pressure 
probably contributes little to water uptake compared to the transpira-
tional pull when the transpirational demand is large. However, in cer­
tain situations, osmotic potential and active uptake can become an im­
portant component. Lopushinsky (1964) found that the concentration of 
the xylem sap at 0.33 bars applied pressure was exactly the same as the 
external solution, while at 2 bars applied pressure it was only 8% of 
the external solution. Brouwer (1965) reported similar data in the 
xylem sap concentration of intact transpiring plants. Newman (1974) 
reasoned further that local portions of root system can partially adjust 
their xylem water potential osmotically when the soil around them be­
comes dry and thus the roots can regulate loss of water from roots to 
soil. 
Root resistance is highly dependent on temperature (Dalton and 
Gardner, 1978). Viscosity of water decreases about 50% from 0®C to 20°C; 
however, the extent of water uptake increases much more than 50% in the 
same temperature range and the effect is not linear. Brouwer (1965) 
showed that at temperatures below 15°C, a value of maize roots was 
as large as a factor of 3. One possible explanation for the effect of 
temperature is that metabolic processes in the root cells influence the 
hydraulic conductivity of endodermal membranes (Milburn, 1979). 
A temperature coefficient defined as the change in the rate 
of a physiological process brought about by a 10°C change in temperature. 
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Variations in the rate of transpiration may also modify the resist­
ance of roots to the radial water transport (Russell, 1977). Stoker and 
Weatherley (1971) reported that the root resistance of living cotton 
roots decreased as transpiration rate increased and that it approached 
that of a heat-killed root system. Likewise, Shone and Wood (1978) 
showed that the apparent resistance of the root declined with increased 
potential difference and with increased transport of water across the 
root. Hailey et al. (1973) suggested that this process might occur 
only at a limited range of transpiration rates. 
Specific root uptake rate also changes with the top-root relations. 
Eavis and Taylor (1979) reported that it declined with increasing root 
length-leaf area ratios. Other biological conditions such as modifica­
tion of high resistance by the association of soybean roots with endo-
tropic mycorrhizal fungi (Boyer, 1971), addition of abscisic acid 
(Collins and Morgan, 1980), and addition of metabolic inhibitors, eq. 
KCN, have been shown to modify the root conductivity (Milburn, 1979). 
G. Root Contact Model 
A root contact model is sometimes used in modeling water uptake by 
roots. This concept takes into account the fraction of contact area 
between the root surface and the soil water. This fraction is used to 
overcome difficulties caused by the changes in the combined root soil 
resistance to flow in the soil-plant system as soil wetness changes. 
The combined resistance increases as soil wetness decreases even though 
soil resistance is negligible for a considerable range, as low as -15 
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bars. Cowan and Milthorpe (1968) proposed the possibility of using this 
concept and Tinker (1976) also discussed its importance. Taylor and 
Klepper (1975) found a linear relationship between the root conductivity 
of cotton and soil water content. Herkelrath et al. (1977) used this 
idea in their water extraction model of wheat using a factor f (the 
wetness fraction of the root-soil interface) defined as the fraction 
of a water content to the saturated water content, and concluded that 
the fitness to the experimental results was improved when compared to 
the standard model. Molz and Tollner (1980) used this factor in simula­
tion of water uptake by plants. Their expression of the sink term of 
equation (2) was 
A(z,t) = (-—) X X L^(z) X ('^g(t) - ij/^Ct)) (23) 
where is the root permeability. Their simulation model fitted the 
data reasonably well. 
H. Root Length Density and Root Distribution 
For the growing plant that has a large root system consisting of 
various ages which might differ significantly in resistance to water 
flow, the net results represent the average flow through a complex root 
system. The root distribution along the compartments of soil and the 
length of roots become significant. 
Mitchell and Russell (1971) characterized the pattern of soybean 
root development. At the early stage, the primary roots grow downward 
about 45-60 cm and the lateral roots extend horizontally. In row plant­
ing, this horizontal expansion will continue 34-45 cm between rows before 
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turning sharply downward. Bohm (1977) reported the lateral roots could 
intersect freely at narrow row spacings, while Raper and Barber (1970) 
showed that an intraspacial competition or antagonism between the roots 
of adjacent plants limited root development. 
The vertical exploitation of soybean roots was reported up to 180 
cm depth (Sivakumar et al., 1977) in deep loess soil without a water 
table or soil physical barriers. The growth of roots continues until 
top growth ceases. The production of new roots and the decomposition of 
old roots occur continuously during the whole growing period (Sanders 
and Brown, 1979). Root distribution has been believed to decrease 
monotonously in dry weight or total root length as soil depth increases 
(Raper and Barber, 1970; Mitchell and Russell, 1971). This pattern may 
be modified by the soil water status throughout the profile. Reicosky 
et al. (1972) reported that the root density profile of soybeans showed 
marked differences as soil water was depleted. They found an increase of 
roots at the depth of 50-70 cm forming a rooting bulge in a uniform 
soil column with water table at the depth 100 cm. This result indicates 
that roots grow rapidly down through the soil until they meet the nearly 
saturated zone where root growth is restricted and profuse rooting 
occurs at this junction. Data of Sivakumar et al. (1977) showed a similar 
bulge appeared around 57 days after planting when drought continued so 
that the available water in the upper layer was limited. This bulge 
shifted further downward with time and appeared at the depth of 75-150 
cm. This shifting might be well correlated with the shifting of the 
location of the maximum water uptake depth (Burch et al., 1978). 
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Rajagopal and Anderson (1980) showed that under an influence of short 
duration of water stress, the number of roots on cuttings of peas in­
creased when high irradiation was imposed but the number did not in­
crease under low irradiation. It seems that water stress induces 
changes in the level of carbohydrate production and the plant under the 
water stress uses this carbohydrate for the root production preferen­
tially (Hsiao, 1973). 
Root length density is one of the most important variables in the 
microscopic view of water uptake. Reported magnitudes of the root length 
density of soybeans vary widely. Reicosky et al. (1972) and Allmaras 
3 
et al. (1975) reported 0.1 to 0.5 cm/cm , while Arya etal. (1975) and Burch 
3 
et al. (1978) reported 1.0 to 3.0 cm/cm . Data of Willatt and Taylor 
(1978) and Sivakumar (1977) showed root length density of less than 1.0 
3 
cm/cm and that the root length density of the upper 50 cm layer de-
3 
creased as soil dried out but was maintained near 0.2 cm/cm until the 
end of the growing season. 
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IV. MATERIALS AND METHODS 
The data were collected during the 1975 through 1979 growing 
seasons. The experimental site was located at the Western Iowa Research 
Center, Castana, Iowa. The soil was an Ida silt loam (fine, silty, 
mixed, and calcareous mesic family of Typic Udorthents). The site 
faced southwest with a slope of about 8-9%. 
A. Experimental Design 
During 1975 to 1977, 4 row spacing treatments with 3 replications 
were designed. The spacings between rows were 25, 50, 75, and 100 cm. 
The plots were laid out in a randomized block design. The size of in-
2 dividual plot was 15 x 30 m . In 1979, a split-split design was used 
for two water levels (main plot; nonirrigated and irrigated) and 2 row 
spacings (sub plot; 25 cm and 100 cm row spacings). Intensive observa­
tions on various parameters of plant and soil were conducted in the 25 
cm and 100 cm row spacings-
"Wayne" soybeans were planted May 12 in 1975 to 1977 and May 15 in 
1979. After germination, a desired constant plant density was obtained 
by thinning to 160,000 plants/ha at the V2 stage of Fehr et al.'s (1971) 
criterion. Several weedings were required to maintain complete weed-
free plots. Other cultural treatment information is provided by Taylor 
(1980) and by Mason et al. (1980). 
B. Leaf Area Index and Plant Growth 
Seven to ten replicated plant samples were taken randomly to measure 
plant height, dry weights of plant and pod, and leaf area at different 
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stages of development. Each plant was separated into leaves, stem, 
pods, and seeds. The plant development stages of above-ground parts 
were determined as described by Fehr et al. (1971). Dry weight of 
plant was measured after 24 hours in a drying oven at 65°C. Leaf area 
of each plant was measured with a LI-COR portable leaf area meter 
(Lambda Inst. Co., Lincoln, Neb.). Plant height was measured with a 
meter stick. 
C. Leaf and Plant Water Potential 
Leaf water potential was measured with a pressure chamber 
(Scholander et al., 1965). Sampling was conducted approximately at one 
hour intervals from dawn to sunset. The sample leaf was taken from a 
freshly cut center leaflet of the fully exposed, third trifoliate below 
the growing point. The sample leaf taken was placed immediately onto a 
moistened paper towel in a plastic box and then into the pressure 
chamber. The outer end was pushed through rubber resin plug and 
tightened. Pressure was applied gradually until the leaf started to 
exudate sap through the xylem. This pressure was assumed to be the 
internal stress of the leaf balancing the negative hydrostatic pressure 
that occurred before the sample was taken. In this measurement, solute 
potential was assumed negligible (Boyer, 1967) and the pressure measured 
was considered to be the leaf water potential. Plant water potential 
was estimated by measuring the water potential of a leaf covered with 
aluminum foil at sunset of the previous day and assuming that this po­
tential was equilibrated with the main stem xylem. 
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D. Root Sampling and Measurements 
A soil monolith method was used to measure the root length and root 
density at different depth and at various stages. The soil monolith 
sample was excavated in a frame with 100 cm x 30 cm cross sectional 
area and 180 cm depth from both 25 cm and 100 cm row spacing plots. The 
details of excavating procedures were described by Nelson and Allmaras 
(1969). Thirty cm long pins were driven through holes in the supporting 
side board frame to support the roots in place while soil was washed 
away. Spacing of the pins within a row and between the rows was 7.5 cm 
down to 60 cm depth and 15 cm thereafter. The monolith sample was soaked 
in a large tank for several hours to one day. (Long soaking might in­
crease the quantities of dead roots; however, this possibility was 
ignored.) 
Washing was carried out with a sprayer. The bits of soil, crop res­
idue, and other debris were removed from the roots. The root sample was 
sectioned by depth increments as indicated by the pin spacings. Sampled 
roots were preserved in jars that contained 10-90% alcohol-water mixture 
to prevent roots from decaying. No replication of soil monolith was 
taken due to the massive work involved. Root length of each sample was 
measured with a "root counter" using a laser beam which was a modifica­
tion of the technique of Rowse and Phillips (1974). If the root sample 
was too massive, a small subsample was taken and multiplied by the pro­
portion to the weight of the subsample to total of the whole sample. 
Large heavy roots were separated and the length was measured with a 
rule directly. The measured counts from the counter were calibrated 
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with a relationship between length and counts for threads of which the 
average length was 2.5 cm and the diameter was 0.5 mm. 
E. Soil Parameters 
1. Soil samples 
All soil samples for physical characteristics determination were 
obtained from one site where the situ hydraulic conductivity measure­
ment also was performed. The site chosen was about 50 m from the main 
experimental area. 
Composited disturbed soil samples were taken from a 0 to 30 cm 
depth and from successive 30 cm depth intervals up to the depth of 270 cm 
for laboratory analysis of hydraulic characteristics and texture. Undis­
turbed core samples were taken simultaneously at the midpoint of each 
depth increment. The cores were 7.5 cm in diameter and 7.5 cm in depth 
for bulk density measurement and 5 cm in diameter and 3.5 cm in depth 
for hydraulic characteristic measurement. 
The composited disturbed samples were air-dried and passed through a 
2 mm round sieve. 
2. Laboratory measurements 
Water contents at various potentials were determined using a tension 
table and a pressure plate apparatus. Fig. 4 shows the tension table 
used at -10, -20, -40, and -80 cm head. A pressure plate apparatus with 
4 porous plates was used at .160, .330, .500 and 1.0 bars air pressure. 
A pressure membrane apparatus was used at 2.0, 4.0, 8.0, and 15 bars air 
pressure. Samples were replicated four times. 
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glass beads 
soi samples 
blotting paper 
water supply 
I 
r 
tension head 
^water out 
Fig. A. Simple tension table for a high tension. The diameter of 
glass beads is 28y 
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The samples were soaked overnight by standing in 2 to 3 mm of water. 
Desired tension or pressure was applied until no water outflow was ob­
served, Equilibrium was attained after two to ten days. The volumetric 
water content of each sample after equilibrium was calculated by oven 
drying to obtain the gravimetric water content and then using soil bulk 
density and the specific gravity of water to obtain volumetric water 
content. 
For water contents at very low potentials, the following humidity 
control methods were used: Saturated solutions of KNO^, NaCl, Mg(N02)2' 
6H2O, and MgCl2"6H20 were prepared. The relative humidity of these 
solutions in desiccators are 92.0%, 76%, 53.4%, and 33.2%, respectively 
(Lim, 1976, unpublished M.S. thesis. University of Hawaii). The samples 
were allowed to equilibrate for 3-6 weeks, and the water contents were 
determined. Water potential at the corresponding relative humidity 
could be calculated by an equation: 
y = In (e/e^) (24) 
n 
where ip is the water potential, is the partial molal volume of water, 
R is gas constant, and T is the absolute temperature; e and e^ are the 
vapor pressure of the solution and that of pure water, respectively. 
3. ^n situ measurement of hydraulic characteristics 
An ^  situ measurement of the soil water potential and the hydraulic 
conductivity relationships was conducted with a neutron probe moisture 
2 
meter (Troxler model 105A) and soil water tensiometers- A 2 x 2 m plot 
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was isolated by digging a trench on all sides to a depth of 2.7 m. The 
plot block was wrapped with plastic film to prevent horizontal movement 
of water through walls. A 7.5 cm diameter and 3 m long access tube was 
inserted at the center of the block after boring a hole with a slightly 
smaller diameter than the access tube. Two series of tensiometers were 
installed on two opposing vertical faces of the block at the 15 cm depth 
and at successive 30 era increments down to a 255 cm depth. The plot 
was surrounded by raised borders and water was ponded on the surface 
for 10 days to allow thorough wetting of the profile. After the free 
water was drained from the surface, the plot was covered by boards and 
a plastic film to protect from possible rain and evaporation. Consecu­
tive readings of neutron probe and tensiometers were made as frequently 
as possible during the first day and then at increasing intervals. 
The counting time for the neutron probe readings was 1 min. and the 
interval for one run of the profile was approximately 20 min. A 4-min. 
counting time for the shield reading preceded each run. The relative 
count was calculated from the ratio of the measured count to shield 
count. 
For calibrating the neutron probe readings against soil water con-
2 tent of each depth, two additional isolated blocks (3 x 6 m ) were pre­
pared in the nearby field. One block was wetted for seven days and the 
other block was left at the field soil water content. Four access tubes 
were inserted in each block and the block was allowed to dry. Gravi­
metric soil water content sampling and neutron probe readings were repli­
cated four times. One calibration curve could be used for the whole 
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profile except for the 15 cm depth. Fig. 5 shows the two calibration 
curves of the volumetric water content vs. the relative count of the 
neutron probe readings—one for the 15 cm depth and one for the other 
depths. 
4. Calculation of hydraulic conductivity 
a. Field method The hydraulic conductivity (K(0), cm/min) 
at a particular depth was calculated from the Darcy equation: 
•  -  im « «  
where q is the flux (cm/min), h is hydraulic head (cm), and z is depth 
(cm). The flux q can be obtained by integrating the changes in water 
content of each depth as in equation (26): 
TE 4: = K X ZE (26) 
o 
where L is the desired depth from the surface. A smooth curve was ob-
3 0 
tained to evaluate — using the best fit polynomial equation 
= A + B t^^2 + c t + D . (27) 
b. Laboratory extension of field method, ^  modified Green and 
Corey method To extend the range of the hydraulic conductivity vs. 
water content relationship obtained from the field experiment, a modi­
fied Green and Corey (1971) method was used. The equation used was: 
n 
I(2j + 1 - 2i) h: -2 
T (28) 
I(2j + 1 - 2N) h 
j=n ^ 
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0.2 0.4 0.6 0.8 1.0 
RELATIVE COUNT (RC) 
Fig. 5. Calibration curve for a neutron probe: for 15 cm depth 
and Y2 for the rest of the depths below 30 cm 
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where is the hydraulic conductivity at some arbitrary water content 
as measured above (in this calculation, 8 was 0.34), and n is the total 
pore class. The exponent parameter p was taken as 2.0. 
5. Soil water 
Soil water contents at various growth stages were monitored by a 
gravimetric method. Soil water samples were taken at the depth of 0 to 
15 cm, 15 to 30 cm and thereafter at 30 cm intervals to 240 cm. The 
3 3 
volumetric water content (0; cm /cm ) was calculated by multiplying the 
bulk density and the gravimetric moisture content. The moisture samples 
were taken as triplicates in the row and duplicates between rows. 
6. Runoff estimation 
The runoff volume was estimated from the rainfall data following the 
Kohler and Linsley (1951) method based on watershed data in a form of 
a hyper dimensional diagram showing the relationship between runoff and 
several runoff producing factors, the antecedent precipitation index, 
API, the recession factor k, a seasonal index, and the number of weeks 
of the year. 
API is defined by the equation 
API = A^P^ + AgPg + A.Pj + • • • + A_P^ (29-30) 
where P^ is the amount of precipitation which occurred i days prior to 
the storm under consideration; A^ is a constant. The constant A^ can 
be taken the reciprocal of i, but Kohler and Linsley (1951) suggested 
that equation (31) could be more easily adapted to a computational 
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program, 
. (31) 
The suggested value of k was 0.85 to 0.90 over most of the eastern and 
central portions of the United States. The figure given by them was 
translated to a numerical table and a linear extrapolation was used in 
the computation. The assumed storm duration was 24 hours. Fig. 6 was 
redrawn from Fig. 4 of Kohler and Linsley (1951). 
ANTECEDENT PRECIPITATION INDEX 
(cm) 
12.5 10.0 7.5 5.0 2.5 
EFFECTIVE PRECIPITATION 
(cm) 
2.5 5.0 7.5 10.0 12.5 
5 30 - 35 
0 52 - 0 
1.25 2.5 5.0 7.5 10.0 12,5 15 
Fig. 6. Estimation of the effects of rainfall from the antecedent precipitation index 
and 24 hours precipitation. Redrawn figure of Kohler and Linsley (1951) 
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V. RESULTS AND DISCUSSION 
A. Experimental Results and Discussion 
1. Physical properties of the soil 
Table 1 shows the particle size distribution and bulk density of the 
soil layers. Texture of the soil by the USDA classification criterion 
Table 1. Soil physical properties of the experimental site at Castana, 
Iowa 
Ida silt loam 
, Particle size distribution (%) Bulk 
Sand Co. silt F. silt Clay density pH^ 
(2-0.05mm) (50-20;) (20-2%) (<y2) (g/cm^) 
0- 30 9.9 51.9 24.1 14.1 1.29 7.3 
30- 60 9.8 53.3 25.4 11.5 1.19 7.6 
60- 90 9.6 57.7 22.5 10.2 1.24 7.6 
90-120 7.8 50.9 27.8 13.5 1.23 7.7 
120-150 12.0 55.4 24.2 8.4 1.24 7.7 
150-180 10.0 51.0 28.4 10.6 1.24 7.5 
180-210 8.6 53.1 28.0 10.3 1.25 7.8 
210-240 12.7 52.4 26.0 8.9 1.24 7.6 
240-270 13.1 54.7 24.1 8.1 1.24 7.8 
^1:1 soil to water suspension. 
was silt loam at all depths. Clay content of the surface was higher 
2 than that of the subsoil. The mean bulk density was 1.24 - 0.05 g/cm 
and showed little variation with depth. The soil was seemingly uniform 
with depth. 
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2. Hydraulic characteristics 
Fig. 7a shows the successive water content profiles as measured by 
the neutron meter and Fig. 7b shows the successive hydraulic head pro­
files as measured by the tensiometers up to 312 hours after recession. 
The apparent hydraulic head gradient was about 1.0 for most of the 
time. After 312 hours had elapsed from the time that recession started, 
the soil matric potentials were about -300 to -330 mbars. Evidently, 
even after 312 hours the flux at the 255-cm depth was still significantly 
large, on the order of 4 mm/day. From this result, one must conclude 
that the definition of field capacity for this soil is ambiguous and 
that field capacity must be redefined in terms of the drainage flux at 
a certain depth rather than some arbitrary time after water application 
has ceased or at the time the soil has reached equilibrium. Data shown 
in these figures are useful for calculating the hydraulic conductivities 
using equation (26) . 
Soil water characteristic curves representing the functional rela­
tionship between the soil water potential, and the volumetric mois­
ture content, 6^, for each depth are shown graphically in Fig. 8. The 
pairs of vs. 0^ collected in the laboratory procedure showed a higher 
water content at the same potential than the pairs obtained by the in 
situ measurements with tensiometers and the neutron probe in the range 
-10 to -330 mbars. Two measurements converged to the same line at -300 
mbars. ^ situ measurements were used preferentially in subsequent cal­
culations. At the same water potential, the water contents were higher 
in the surface and the 90-120 cm depths than in the other layers, thus 
SOIL WATER CONTENT (cm^/cm^) 
0.40 0.35 0.30 0.25 -600 
HYDRAULIC HEAD (cm) 
-400 -200 
120 3 
(hours) 
• 120 
A 312 
N3 
Fig. 7. The successive changes in the moisture content profile and the hydraulic head after 
the recession begins 
10.0 -
1 . 0  -
0 .1  -
0.01 -
195cm 255cm 
105cm 
f-UJ 
15cm 0.1 0.2 0.3 0,4 255cm 0.1 0.2 0.3 0.4 0.5 
45cm oil O!2 O!3 O!4 0^ 5 
105cm o^ r"ôty~ôt3~ôtTrir.5 
195cm oil 0i2 0^ 3 0^ 4 0.5 
VOLUMETRIC WATER CONTENT (cm^/cm^) 
Fig. 8. Soil matric water potential as a function of the volumetric water content. 
The circles (o) are measured values in the laboratory, and the solid lines 
are obtained from the polynomial equation (32) 
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showing the influence of higher clay contents in those depths (Table 1). 
The available water (-330 mbars to -15 bars) for the top 180 cm of soil 
was 198 mm. 
The solid lines in Fig. 8 were the best fit polynomial equations 
of the type: 
iog__ ip = A + Be + C0^ + De^ + Ee^ + Fe^ . (32) 10 m V V V V V 
Appendix B shows the parameters for each depth. 
The calculated hydraulic conductivities from equation (28) are shown 
in Fig. 9, and the solid lines represent the best fit polynomial of the 
type: 
login K = A + Be + ce^ + De^ . (33) 10 V V V 
3. Climatological data 
Seasonal climatic conditions are summarized in Table 2. Pan evapor­
ation during the growing season was greatest in 1976 which had the great­
est average temperature and the lowest seasonal precipitation. In 1976, 
pan evaporation exceeded precipitation by 81.4 cm while in 1975 and 1979, 
pan evaporation exceeded precipitation by about 50 cm. The deficit be­
tween pan evaporation and precipitation was smallest in 1977 with 36.3 
cm. In 1977, rainfall was sufficient to balance pan evaporation in 
August. Total radiation was greater in the 1976 than in the 1979 grow­
ing season. 
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Table 2. Seasonal climate data for the growing periods at Castana, 
Iowa 
Month 
Temperature 
(°C) 
Max Min 
Precipi­
tation 
(cm) 
Total 
radia­
tion 
(Ly/day) 
Pan 
evapor­
ation 
(cm) 
Wind 
speed 
(km/day 
1975 
May 12--31 25.5 11.4 5.1 11.3 85.8 
June 26.5 14.3 11.4 506 17.0 49.5 
July 30.9 16.6 3.2 625 22.8 68.8 
Aug 30.8 16.9 6.7 502 20.2 51.3 
Sept 21.9 8.6 5.2 12.9 50.3 
Total 31.6 84.2 
1976 
May 12--31 23.3 9.4 11.4 584 11.5 70.6 
June 28.3 13.6 0.9 600 23.9 107.8 
July 31.3 17.0 1.1 558 24.1 66.3 
Aug 31.6 15.6 0.8 530 23.2 74.8 
Sept 26.7 11.1 4.1 17.0 71.8 
Total 18.3 99.7 
1977 
May 13--31 26.8 13.8 6.2 13.2 80.2 
June 29.4 14.1 8.5 22.0 53.1 
July 31.5 16.9 12.7 23.5 67.7 
Aug 27.3 13.3 16.4 15.4 52.8 
Sept 24.3 10.6 7.7 13.7 69.3 
Total 51.5 87.8 
1979 
May 16-•31 24.9 9.4 2.3 9.4 117.3 
June 28.4 14.0 6.1 545 20.5 109 
July 29.6 17.3 3.3 492 17.7 81 
Aug 29.0 17.0 8.7 446 17.8 90 
Sept 25.9 11.9 10.2 15.5 84 
Total 30.6 80.9 
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4. Leaf area and radiation interception 
The radiant energy from the sun is the primary source of energy for 
photosynthesis and for the evapotranspirational processes of the plant 
and soil. Many models of plant growth are concerned with the interac­
tion of a plant community with the light climate (Thornley, 1976; Acock 
et al., 1978; and Mann et al., 1980). The radiation profile in a plant 
canopy is determined by the leaf area and its distribution and the 
transmissivity and reflectivity of the leaves. 
Assuming k(s) is a vector function of the light attenuation of the 
canopy with respect to the direction of the incoming radiation at a 
point inside the canopy and F(s) is a vector function of the leaf area 
distribution, the light intensity I(s) at the point can be written as 
where is the incoming light intensity at the surface of the canopy, 
S is the distance from the surface of the canopy, and s is the pathway 
axis (Thornley, 1976). If k and F do not vary within the canopy, the 
equation becomes the typical Beer's equation: 
Now s is the total path length traversed in the canopy which has a uni­
form foliage density F everywhere and k is the extinction coefficient. 
One may take the leaf area index (LAI) for F and S (Ritchie, 1972), and 
then 
I(s) = I^ exp (-/J k(s) F(s) ds) (34) 
1 = 1 ^  e x p  ( - k  F  s )  (35) 
1 = 1 ^  e x p  ( - k  L A I )  (36) 
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Fig. 10 shows the relationships between the leaf area indexes and 
light interception ratio (I/I^) at the soil surface for the 1979 grow­
ing season at Castana, Iowa. Raw data for these calculations were 
published by Mason et al. (1980). The extinction coefficient, k, for 
soybeans was 0.3347 in a lOO-cm row spacing and 0.5061 in a 25-cm row 
spacing. The higher extinction coefficient in the 25-cm row spacing 
was due to a more uniform coverage of the ground surface by plants. 
An application of Beer's law to practical problems may cause several 
difficulties because the law gives only an approximate theoretical rela­
tionship. First, the extinction coefficient may vary with height or 
with plant age because the configuration of individual leaves varies 
with both heights and ages. Sivakumar (1977) and Mason et al. (1980) 
reported that leaf distribution in the canopy volume was not uniform. 
Second, as shown in equation (34), the extinction of incoming radiation 
depends on the direction from which radiation is coming because k and F 
both are vector functions. More rigorous models can be found elsewhere 
(Warren, 1959; Saeki, 1963; Cowan, 1968). However, the simplified 
approximation using equation (36) has been widely accepted in the energy 
budget for évapotranspiration modeling (Ritchie, 1972; Richardson and 
Ritchie, 1973; Slack et al., 1977; Arkin et al., 1978). 
Equation (36) requires the leaf area index; therefore, one needs 
either a measured or an estimated leaf area index. Generally, the leaf 
area expands exponentially in the early vegetative growth phase and 
reaches a maximum leaf area. After reaching this maximum leaf area again 
decreases as defoliation exceeds production of new leaves. A Gompertz-
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type growth equation can be applied to the prediction of the leaf area. 
The equation is 
where A is the leaf area at time t, u^ is the specific growth rate at 
time t=0, is a parameter determining reduction in growth rate during 
the expansion phase, U2 is the specific rate of senescence or defolia­
tion and s^ is a parameter determinating acceleration of senescence 
(Thornley, 1976). The integral of equation (37) is 
A = exp(u^(l-e ®l^)/s^ - u^ (e®^^ - l)/s2) • (38) 
To predict the leaf area indexes, the author of this dissertation used 
a statistical model of the type 
LAI = aexp(6t - a<t - XD>^) (39) 
where LAI is the leaf area index, a, 6, and a are parameters. <t - XD> 
is defined as 
if t £ XD <t - XD> = 0 
(40) 
if t > XD <t - XD> = (t - XD) 
where XD is an empirically chosen time for the minimum asymptotic error-
One may choose the end of the exponential growth phase for XD. 
Fig. 11 shows the leaf area indexes as functions of time for the 
1976 and 1979 growing seasons. The solid lines are predicted values. 
LAI of the two row spacings reacted differently in the two years. In 
10 1976 1979 olOO cm row spacing 
•25 cm row spacing 
y2= 0.0801 exp(T) ° 
T = 0.05756D-0.000824 <D-58> 
y2^2 = 0.0111277 exp (T) 
T = 0.0947D-0.00135<D-49> 
8 
6 
2 ^2= 0.038 exp (T) 
T = 0.0643D-0.00189 
<D-58>2 
40 60 80 100 100 60 80 120 
DAYS AFTER PLANTING (D) DAYS AFTER PLANTING (D) 
2 2 
. 11. Leaf area indices (LAI, cm leaf area/cm ground surface) as a function of time for the 
two row spacings. The solid lines are predicted with the equations (see text for the 
definition of the equation). The subscripts 1 and 2 denote 100 cm and 25 cm row spacing, 
respectively 
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1976, LAI in the 100-cm row spacing was much greater than in the 25-cm 
row spacing, while in 1979, LAI did not differ between the two row 
spacings except possibly slightly greater values occurred in the middle 
of the growing season in the 100-cm row spacing than in the 25-cm row 
spacing. The growing season in 1976 was dry with small amounts of rain­
fall and high evaporative demands. Taylor (1980) observed that the soy­
bean plants grown in wide rows were taller with a greater leaf area and 
a greater dry mass than those grown in narrow rows during dry years. 
This figure raises the question of why LAI in the different row spacings 
responded differently in 1976, the dry year, and in 1979, a somewhat wet 
year. LAI in the 100-cm row spacing was equal to or even greater in 
1976 than in 1979. No data on nutritional status of the plants were 
collected in 1976, although Mason et al, (1980) collected such data for 
the 1979 growing season. 
5. Soil water content and evap otranspirat ion 
The tabular data for soil water contents during the growing seasons 
in 1975 and in 1976 as functions of time, depth and treatment are pre­
sented in Appendix C, and the data for 1979 are available elsewhere 
(Mason et al., 1980). The soil water contents at planting were assumed 
3 1 to be about 0.23 cm /cm throughout the profile and the water content 
below 240 cm depth also was assumed to remain at this value. 
Figs. 12a and 12b show the average water contents as functions of 
the time for the different depths in 1976 and in 1979, respectively. 
During the periods shown, water depletion occurred continuously due to 
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Fig. 12a. Soil water contents as a function of soil depth during the rapid depletion period 
from June 23 to August 29, 1976 
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insufficient rainfall. However, the water depletion pattern was differ­
ent between the different years. In 1976, water depletion in the upper 
layers to 90 cm depth was much faster in the 25-cm row spacing than in 
the 100-cm row spacing in the early growing season, but the water con­
tent profiles of these two treatments became similar in late August. 
The water consumption strategy was different between the row spacings. 
Taylor (1980) found that soybeans in narrow row spacings consumed water 
faster during the early growing season and the soybeans in the wide row 
spacings conserved water for later use during this hot and dry year. 
Taylor (1980) suggested that the increased capture of radiation energy 
caused by more evenly dispersed leaves in the narrow row canopy caused 
more water use during the early growing season and caused less water to 
remain for use during the pod-filling stage. In 1979, the soil water 
depletion patterns did not differ between the treatments. 
The seasonal évapotranspiration rate (shown in Fig. 13) was cal­
culated from the soil water content, rainfall, and the rooting depth 
data using equation (1). Early in the 1975 and 1975 growing seasons 
before the leaf area was fully developed, soybeans consumed more water 
from the rooting zone in the 25-cm than in the 100-cm row spacing. This 
trend was obvious in 1975 (figure not shown) and 1976 (Fig. 13). E^ of 
the 25-cm row spacing was slightly lower than E^ of the 100-cm row spac­
ing during the period of 60 to 90 days after planting. This difference 
might not even be real due to the level of precision in the field 
measurements, but light interception was greater in 25-cm than in the 
100-cm row spacing. For an example, at the 64 days after planting 
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Fig. 13. Evapotranspiration rate of soybeans in the two comparative years . 
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(July 17, 1979), the leaf area index was 3.79 and 3.90 for the lOO-cm 
and 25-cin row spacings, respectively, and thus light interception, 
estimated from equation (36), was 75% and 85%, respectively. Soil 
evaporation, estimated by an energy balance model (Ritchie, 1972), 
showed little difference between the two row spacings. It is possible 
that soil evaporation might be underestimated for the 100-cm row spac­
ing because the model did not take into account possible open spaces 
between the rows due to the incomplete closure of the canopy, but uses 
the average leaf area index in the procedure. However, assuming this 
effect is negligible, light interception in the 25-cm row spacing was 
greater than in the 100-cm row spacing and the transpiration of soy­
beans in the 25-cm row spacing was expected to be greater than that in 
the 100-cm row spacing. Therefore, the higher in the 100-cm row 
spacing might be due to an increased supply of water by the deeper roots. 
A rapid expansion of roots into the deeper zone in the 100-cm row spac­
ing seemed to cause the difference in E^. Mason et al. (1980) reported 
no differences in water depletion patterns within the 183-cm depth pro­
file for these two treatments. Differences in the method for calculat­
ing water extraction might explain the different interpretations. 
Fig. 14 shows the 1979 seasonal changes in the total mass of the 
above ground and the underground parts. The time courses of the two plant 
components were different. There were no differences in above-ground 
mass accumulation rates between the two treatments except for the period 
60 to 80 days after planting. During that period, above-ground mass 
was accumulated faster in the 100-cm row spacing than in the 25-cm 
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plants as shown by the slopes of the accumulation curves. This period 
coincided with the period that showed the low in the 25-cm row spac­
ing. The mass of roots also showed a steep slope in the accumulation 
rate curves for the 100-cm row spacing but the trend showed up earlier 
than that for top growth. Presumably, in the vegetative growth period, 
the root growth might have preference to the top growth (Aung, 1974). 
At the end of the growing season, the root mass produced in the 25-cm 
row spacing was greater than in the 100-cm row spacing. 
Table 3 shows the yield of soybeans in the four years. There was 
a trend for greater yields in 25-cm row spacing than in 100-cm row 
Table 3. Yield of Wayne soybeans as affected by row spacing in dif­
ferent years 
Yield of grain (kg/ha) 
spacing 1975 1976 1977 1979 
(cm) 
25 2600 804 3469 2503 
100 2427 759 2971 2104 
spacing, but the differences were not statistically significant (p ^  .05) 
except in 1977 and in 1979 when the seasonal water supply was sufficient 
during the growing seasons. 
6. Uncovered and covered leaf water potentials 
The diurnal fluctuations in uncovered and covered leaf water poten­
tials measured during the 1979 growing season are summarized in Fig. 15a. 
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The seasonal changes in midday water potentials are shown in Fig. 15b. 
Little difference in the uncovered leaf water potentials was observed 
between the row spacings when the entire growing season is considered. 
Taylor (1980) found that the water potentials were about 3 bars lower in 
the 25-cm row spacing than in the lOO-cm row spacing consistently in 
the dry year, 1976, presumably because of drier conditions in the root 
zone. 
Water potentials of uncovered leaves decreased rapidly from dawn 
to noon, then stabilized until recovery to near the predawn level began 
around 16:00 to 18:00 hrs (Fig. 15a). This diurnal variation in the 
leaf water potential may reflect transpiration rates which are governed 
by atmospheric conditions such as radiation, air temperature, relative 
humidity or vapor pressure deficit and wind speed. Brady et al. (1974) 
reported that the leaf water potentials were dependent on the evapora­
tive demand as well as on soil water potentials. Reicosky et al. (1975) 
reported that leaf water potentials had a close relationship with incom­
ing radiation. Stanley (1980, private communication, C. D. Stanley, 
Agronomy Department, Iowa State University) correlated leaf water poten­
tials with temperature, radiation, and wind speed under the condition 
of unlimited soil water. Sivakumar (1977) reported a statistical cor­
relation between the leaf water potentials and temperature, radiation, 
wind speed, and soil water content in soybean plants experiencing soil 
water stress. 
Midday water potentials of uncovered leaves decreased slightly 
from -13 bars on July 5 to -16 bars on August 8, and showed no difference 
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between the row spacing treatments. Fluctuations in leaf water poten­
tial during any day were great. These fluctuations probably were the 
result of intermittent clouds changing the incoming radiation. The 
most drastic change was observed on August 8 when the leaf water poten­
tial increased from -16 bars to -10 bars as the sky became overcast. 
The covered leaf water potentials showed a different behavior pat­
tern than the uncovered leaf water potentials. Covered leaf water 
potentials (measured in 1978 in a soybean field near the experimental 
site) showed fewer fluctuations than uncovered leaf water potentials 
(data not shown)Covered leaf water potentials were determined only 
during midday periods in 1979; however, these midday values were com­
bined with the general shape of the diurnal covered leaf water poten­
tial data obtained in 1978 to produce the curves shown in Fig. 15a. In 
1979, the covered leaf water potentials showed no difference between 
the treatments on July 5, but they showed higher values (by as much as 
2 bars) in the 100-cm row spacing than the 25-cm row spacing on July 18 
(64 days after the planting). This separation was consistent with the 
higher évapotranspiration rate for the 100-cm row spacing plants during 
the period 60 to 80 days after the planting (Fig. 13). 
Recent findings suggest that the covered leaf water potentials are a 
good measure of the potential in the canopy-root junction and can be 
used as crown water potentials in monocotyledon plants (Meyer and Ritchie, 
1980). This conclusion may not be true for a dicotyledon plant which 
^Unpublished data collected at the Western Iowa Research Center, 
Cas tana, Iowa, by T. C. Kaspar, Agronomy Department, Iowa State University. 
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has a more complicated vascular branch system along the stem. Richter 
(1973) found no difference in water potential between a transpiring and 
non-transpiring twig and he stated the covered twigs adjusted their 
potential to the water potential at the last bifurcation point. How­
ever, since the stem resistance of a soybean plant is relatively small 
(Boyer, 1971), the covered leaf water potential can be used as the crown 
potential, at least approximately. In this context, a possible explana­
tion of the smaller fluctuation in the water potential of the covered 
leaf than in the exposed transpiring leaf is that the canopy volume 
serves to damp the rapid changes in the leaf water potential. Meidner 
and Sheriff (1976) stated that time lags in the transmission of changes 
in rates of water flow were due to this damping effect existing in every 
part of a plant, and showed that the time required for rehydration of 
an Ipsomoea learrii leaf immersed in water was about 10 to 15 minutes. 
Short term events, such as the passage of a cloud, will reduce the 
radiant energy load onto the leaves which in turn reduces the transpir­
ation rate. However, a relatively steady crown water potential will 
cause the soil-root system to continue to supply water to the canopy 
at about the same rate as earlier. The crown tends to refill its 
water supply and this process causes uncovered leaf water potential to 
increase. For short periods, the changes in the water content in a 
canopy volume might be important and cannot be negligible (Taylor and 
Klepper, 1978). Apparently, the covered leaf water potential is a 
response to the soil water potential and water uptake by a root system 
from the soil while the uncovered leaf water potential is a response to 
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the environmental evaporative demand and partly to soil water status. 
A model to predict leaf water potential under non-limiting soil 
water conditions was proposed by Stanley (1980, personal communication, 
C. D. Stanley, Agronomy Department, Iowa State University). The model 
requires total radiation and temperature: for Wayne soybeans 
LWP^ = 3.2023 - 0.2301 RAD + 0.0017 RAD^ - 0.3019 TEMP (41) 
where the subscript u denotes a non-limiting water condition, RAD is the 
total radiation (Ly/hr) and TEMP is the air temperature (°C). In the 
present study the difference between the measured leaf water potentials 
of the exposed leaf at midday and the LWP^ (ALWP) were correlated with 
the soil water potential. The soil water potential was arithmetically 
averaged for each depth weighting the thickness of the layers within 
the root zone. If the soil water potential at a particular depth was 
lower than -15 bars, it was assumed as -15 bars to avoid overestimating 
soil water potential due to an excessively low value, likely in error. 
The relationships between ALWP and the soil water potential are shown 
in Fig. 16. 
Table 4 shows the regression analysis for the relationships between 
the covered leaf water potential (CLWP) for midday and soil water poten­
tial. The best fit model was correlated to the average soil water 
potential, the soil water potential of the surface 30-cm layer and the 
2 temperature, with R of 0.788. 
It has often been stated that an equilibrium will occur during the 
night between plant and soil water potentials, and that transpiration 
66 
0 -2 -4 -6 -8 -10 -12 -14 
SOIL WATER POTENTIAL (bars) 
Fig. 16. The relationship between ALWP (the difference between the pre­
dicted leaf water potential under a non-limiting water condi­
tion and the measured leaf water potential under the limiting 
water conditions in the field) and the average soil water po­
tential. o: measured in 1976 by Sivakumar (1977); A: meas­
ured in 1978 by Kaspar (unpublished data); •: measured in 
1979. Encircled points are for the days after rainfall on 
one of the two previous days 
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Table 4. The relationships between the covered leaf water potential 
(CLWP) at midday and soil water potentials 
R2 
(n=15) 
CLWP = 
-3. 6700 4- 0. 7631 SWP^ 0.718 (41a) 
CLWP = 
-3. 4298 + 0. 6136 SWP + 0. 2215 SWPl^ 0.772 (41b) 
CLWP = 
-1. 7317 + 0. 5918 SWP + 0. 1991 SWPl - 0.098 TEMP 0.788 (41c) 
^SWP is average soil water potential of the rooting zone. 
^SWPl is soil water potential of top 30 cm layer. 
will approach zero. If one assumes that reverse flow from the root to 
soil is negligible (actually this reverse flow might occur of the order 
of one-fortieth of the forward flow rate (Molz and Peterson, 1976)), the 
predawn leaf water potential may show the average soil water potential. 
Fig. 17a shows the relationship between the predawn leaf water potential 
and soil water potentials. The predawn leaf water potential was about 
-2 bars until the average soil water potential was less than -4 bars. 
An attempt to correlate the leaf water potential at predawn with the 
highest soil water potential within the root zone was unsuccessful (Fig. 
17b). Presumably, osmotic potential might affect that relation. 
Brady et al. (1974) observed that equilibrium was not reached overnight 
in the soil plant-water system, and suggested: (1) leaf water potential 
measurements determined by a pressure chamber do not account for the 
xylem osmotic potential; (2) it is difficult to determine a representa­
tive soil water potential; and (3) water may have been absorbed from 
the atmosphere by the plant leaves. 
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Fig. 17. The relationships between the leaf water potential measured at the dawn and the soil 
water potentials 
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7. Root length and water uptake 
Fig. 18 shows the differences in the total root length per unit 
2 
area (L^; cm/cm ) between row spacings and years. The value grad­
ually increased with time until 100 days after the planting for both 
years except possibly for a small decrease in the 100-cm row spacing 
after day 80 in 1979. The values were greater in the 25-cm row spac­
ing than in the 100-cm row spacing and was somewhat higher at the end 
of the growing season in 1976 than in 1979; however, the was similar 
in both years until 85 days after planting. Since no replications of 
root measurements for both years were taken at a particular time, no 
further statistical analysis was performed. There seemed to be no inter­
action between years and treatments. Presumably, dry soil conditions 
in 1976 might have stimulated root growth after most of the available 
soil water was depleted, but that point was unclear. 
Figs. 19a and 19b show the changes in the root length density as a 
function of depth and time in 1976 and in 1979, respectively. The root 
length density (L^) ranges as high as 0.8 cm/cm ; however, usually 
3 falls in the range of 0.1 to 0.3 cm/cm . The rooting pattern differed 
by years and by treatments. Although no replicates were taken, it is 
clear that the average of the profile was greater in the 25-cm row 
spacing than in the 100-cm row spacing in both years. The location of 
the deepest root tip was deeper in the 100-cm row spacing than in the 
25-cm row spacing during the vegetative growing period of each year. 
The maximum rooting depth of mature soybeans was approximately 180 cm 
for both treatments in 1979; however, it reached a depth of 240 cm in 
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1976. In 1976, only small amounts of rainfall occurred during the grow­
ing season (June to August) and, as a result, the soil water contents 
were low during this period (Fig. 12). In 1979, more rainfall was 
recorded and the soil water contents were greater. This difference in 
the water supply probably led to the deeper exploration of roots in 
1976 and greater root length density near the surface in 1979. 
The general pattern of L distribution with the depth was that L 
V V 
was typically high in the top 15 cm layer and decreased with the in­
creased depth during the early growing season, until about 60 days 
after planting. Thereafter, a B-type double bulge was observed with a 
high in the top 15-cm layer, a low in the 15-to 60-cm layers, and 
again a high at a depth 60 to 180 cm. The low zone varied from 
15 cm to 90 cm. This low zone expanded and shifted deeper as root 
growth continued and the available water in the upper layers was de­
pleted (Fig. 12). Stone et al. (1976) and Burch et al. (1978) reported 
similar changes in rooting patterns of soybeans when the soil water con­
tent of upper layer was limited. The proportion of deep roots increased 
to use water in the deeper zone. In this experiment, the formation of 
the B-type bulge may be due partly to a plow pan that existed at the 
20-cm depth, but this fact does not fully explain the wide band of the 
low L zone. 
v 
This pattern is comparable to that of Klepper et al. (1973). They 
reported a significant shifting for the rooting pattern of cotton as 
the soil dried. The decreased with depth initially with a uniform 
soil water potential of -0-4 bars. As soil water in the upper layers 
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depleted to -1.0 bars, the distribution of showed a completely reversed 
pattern, and the increased with the increased depth. In this ex­
periment for soybeans conducted under field conditions, the in the 
top 15-cin layer decreased as soil water dried out during the period; 
3 however, it maintained a near 0.2 cm/cm in 1976 and greater in 1979. 
The neck of the B-type bulge that existed in the 15 to 60 cm depth also 
maintained a near 0.1 to 0.2 cm/cm for both years. Since the plant-
2 ing density was 160,000 plants per 100 m , this corresponds to 62.5 
2 to 135 cm/625 cm . Assuming that this range is the root length of one 
plant and that there is a root tortuosity factor of 1.0 to 1.5, these 
data translate to 40 to 100 roots per plant. Possibly these roots may 
serve as the conducting conduits when the soil dried. 
In this experiment, data for the two-dimensional distribution of 
roots were not collected. Bohm (1977) conducted an experiment to pro­
vide representative two-dimensional descriptions of soybean root develop­
ment as affected by the plant row spacing at the site of this experiment. 
He reported that the two-dimensional root distribution differed between 
the 25-cm and the 100-cm row spacing. In the early growing period, 44 
days after planting, the soybean roots in 25-cm spacing showed a uniform 
distribution horizontally while the roots in 100-cm spacing concentrated 
within 15 cm of the rows. At the second sampling date, 57 days after 
the planting, the roots developed fully in the whole interrow area of 
the 100-cm spacing. He also found some localization of roots due to 
the heterogeneity of the soil in both treatments later in the season. 
Bohm (1977) suggested that the extra soybean roots found in 25-cm spacing 
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were not advantageous over those in the 100-cm row spacing. 
Fig. 20 shows water extraction patterns in 1976 and in 1979 calcu­
lated from equation (2). The zone of the maximum water extraction was 
displaced downward as the season progressed and corresponded with the 
dynamic downward shift of the root system as shown in Fig. 19. This 
downward shift in water extraction was eventually limited by a lack of 
roots. The maximum amount of water extraction generally occurred at 
3 the depth where the root length density approached at least 0.1 cm/cm . 
It shows that the expansion of the root system into deep moist soil is 
essentially the most important means of supplying water when the rain­
fall is insufficient (Reicosky and Deaton, 1979). 
The difference in water extraction patterns between the two treat­
ments was not as obvious as the difference observed in the rooting pat­
terns. This fact may mask the relationship between the root length 
density and the water extraction rate because the root length density 
was greater in the 25-cm spacing than in the 100-cm spacing. The root 
length density affects the handling of any root uptake model in two ways: 
one is the direct involvement in the specific water uptake rate of a unit 
3 length of root (q^; cm /cm root) in equation (3); and the other is the 
indirect involvement in the outer radius of a soil volume near the root 
in equation (17) or (18). Since the root length density is such a 
crucial factor in determining the water uptake, further detailed examina­
tion on the relationship between the water uptake rate and the root 
length density must be made to define "how much of the roots are actively 
taking up water from soil". 
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Fig. 20. Water extraction patterns in 1976 and 1979. Indicated numbers are month and day. 
Negligible rainfall was observed during the indicated periods except the period 
7/17-7/30 in 1979. Significant water uptake from the surface soil was shown during 
the period 7/17 to 7/30* 
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As the rainfall wetted the upper soil layers which were depleted of 
available soil water, the new water supply was readily used up by the 
soybean plants, causing the two water-extraction peaks shown in Fig. 
20 as well as the root length density peaks shown in Fig. 19. The 
water extraction peaks after rainfall occurred regardless of the age of 
the plants. 
Tables 5 to 8 show the calculated water uptake rate per unit length 
3 
of root (q^; cm H20/cm root-day) in each layer from the water uptake 
sink equations (2) and (3). The range of q^ was on the order of 10 ^ 
3 to 0.5 cm HgO/cm root*day. Most of the values were in the range of 
5 X 10 ^  to 0.2 cm^ H20/cm roof day. The results from this experiment 
were similar to those of Allmaras et al. (1975) in several ways. The 
uptake rate, q^, increased with depth except in the early growing season 
when the young roots expanded rapidly in the top 15 cm layer but then 
q^ decreased as plant age increased- Apparently, the proportion of the 
more permeable young roots to the older and more suberized roots was 
greater in the deep soil than the soil of the upper layers, and this pro­
portion decreased as the plant aged. However, the magnitude of q^ was 
different by a factor of three when results from this experiment are com­
pared with those of Allmaras et al. (1975). The difference in q^ may be 
due to differences in because at a similar growing period was 
greater by a factor of three in this experiment than that observed by 
Allmaras et al. (1975) except for the top 30-cm layer. 
Taylor and Klepper (1973) found that the water uptake rate of corn 
roots decreased as the root length density increased when the soil 
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Table 5. Specific water uptake (q^) of Wayne soybean root in 100-cm 
row spacings during 1976 
Depth Specific water uptake (q v; X 10% cm3/cm root - day 
(cm) 6/23- 6/30- 7/ 8- 7/13- 7/20- 7/27- 8/ 9- 8/23-
6/29 7/ 7 7/14 7/20 7/26 8/ 8 8/22 8/29 
0- 15 19.6 8.27 7.31 1.00 2.10 2.79 2.09 0.22 
15- 30 9.86 12.20 7.44 1.24 0.69 0.17 0.17 1.32 
30- 60 0.41 9.87 11.80 2.79 0.97 0.05 0.35 1.97 
60- 90 a 4.63 3.14 4.59 1.71 0.17 0.56 0.40 
90-120 9.16 4.25 4.65 1.27 0.92 0.52 
120-150 3.54 2.66 1.47 1.49 0.24 
150-180 1.77 0.58 1.35 0.40 
180-210 1.00 
^Roots existed but no water uptake was observed. 
Table 6. Specific water uptake (q^^ of Wayne soybean root in 25-cni row 
spacing during 1976 
Depth Specific water uptake (q v; X 10% 
0 
cm /cm root-day 
(cm) 6/23- 6/30- 7/ 8- 7/13- 7/20- 7/27- 8/ 9- 8/23-
6/29 7/ 7 7/12 7/19 7/26 8/ 8 8/22 8/29 
0- 15 3.29 1.55 1.25 a 0.98 2.30 1.64 1.04 
15- 30 12.90 5.88 2.13 0.35 0.32 a 0.05 0.72 
30- 60 4.35 5.69 2.26 0.80 a a 0.08 0.81 
60- 90 a 7.04 5.53 a 0.01 0.46 a 0.54 
90-120 0.92 0.77 0.60 a 0.46 
120-150 0.60 1.30 1.34 0.07 0.28 
150-180 0.65 1.33 0.26 0.84 
180-210 a 0.93 
^Roots existed but no water uptake was observed. 
Table 7. Specific water uptake (q^) of Wayne soybean roots In 100-cra row spacing during 1979 
Depth Specific water uptake (qvJ X 10^ cm 
0 
/cm root*day) 
(cm) 6/12- 6/19- 6/26- 7/2- 7/ 5- 7/12- 7/17- 7/31- 8/3- 8/ 8- 8/14- 8/20-
6/18 6/25 7/ 1 7/4 7/11 7/16 7/30 8/ 2 8/7 8/13 8/19 8/23 
0- 15 25.5 19.5 6.61 3.66 1.83 2.67 2.30 2.66 1.57 0.54 0.52 
15- 30 12.2 5.59 12.5 12.5 6 . 2 8  4.52 1.10 0.30 1.98 0.49 0.64 
30- 60 3.31 a 13.9 7.87 5.63 0.58 0.50 1.44 a 1.29 
60- 90 a 2.28 4.59 9.03 1.34 1.42 1.59 0.28 0.40 
90-120 6.75 a a 2.66 3.96 1.84 0.72 0.54 
120-150 45.7 23.2 a 3.22 12.5 5.40 4.19 3.61 
150-180 13.5 4.25 16.2 
^Roots existed but no water uptake was observed. 
Table 8. Specific water uptake (qv) of Wayne soybean root in 25-cin row spacing during 1979 
Specific water uptake (q^; x 10^ cm^/cm root-day) 
(cm) 6/12- 6/19- 6/26- 7/2- 7/ 5- 7/12- 7/17- 7/31- 8/3- 8/ 8- 8/14- 8/20-
6/18 6/25 7/ 1 7/4 7/11 7/17 7/30 8/ 2 8/7 8/13 8/19 8/23 
0- 15 18.4 18.7 5.32 1.90 1.92 1.21 2.35 3.32 0.94 0.57 0.40 2.82 
15- 30 8.23 3.11 5.38 4.75 2.88 0.25 0.75 0.30 2.04 a 0.26 1.12 
30- 60 a 14.30 8.17 2.96 0.28 0.38 1.55 a a 0.35 
60- 90 a 6.26 2.30 7.18 0.97 1.61 1.17 0.16 0.16 a 
90-120 1.95 4.87 3.36 1.36 0.65 0.66 a 
120-150 4.82 2.60 2.99 1.15 0.06 
150-180 2.01 0.08 1.87 
^Roots existed but no water uptake was observed. 
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hydraulic conductivity was high and suggested that this was due to the 
fact that as a root length density increased, the average root age in­
creased, resulting in a lower proportion of permeable young roots in 
a volume under consideration. They also related the water uptake rate 
with soil hydraulic conductivity. Allmaras et al. (1975) reported 
similar conclusions for soybean roots and added that the water uptake 
rate decreased as the soil water potential decreased. Intuitively, the 
rapid uptake rate may be due to the wetter soil conditions and less 
crowded roots in deeper soil and in the soil early in the growing season 
as well as to the lower average age of roots in a soil layer. 
As mentioned above, the roots rapidly absorbed water supplied by 
rain regardless of the plant age. A close examination of the root data 
of 1979 showed that the root length density was not increased during 
the period from June 21 to July 12 and little rainfall was observed. 
The root length density of the upper 15-cm layer increased markedly on 
July 26 compared with that of July 12 in both treatments. This rela­
tionship shows that old roots of soybean actively produce new young roots 
when soil water status increases. Hsiao (1973) gave a possible explana­
tion. He suggested that roots might be able to adjust osmotically and 
maintain a substantial excess of turgor pressure over soil back pres­
sure. This osmotic adjustment will permit root growth either when root 
water potential is lowered or when the soil conditions become less 
favorable. 
Not enough data are available to determine the proportion of young 
and old roots in this experiment. Because of that fact, there is no 
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means of weighting root uptake rates according to root age. The produc­
tion of new roots and the decay of old roots occurs simultaneously and 
are continuous functions of time. Even though such a complex time 
dependent variable makes the problem difficult to reach any quantitative 
conclusion on the relationship between the water uptake rate along the 
depth and the age of roots, the author believes that the changes in the 
water uptake rate with increased root depth and time are mainly due to 
the increased average age of roots at a depth and partly due to physical 
parameters of soil. Additionally, it is an open question how much root 
length a plant needs to satisfy its total water uptake requirements. 
In the section of radial resistance, the average root conductivity of 
the roots was related to the age of plant assuming that this represents 
the average age of roots within the whole profile. 
8. Numerical evaluation of resistances 
a. Axial resistance Table 9 shows the calculation of the 
axial resistance. The Poiseuille's equation (13) was applied using 
measured and estimated values of the xylem radius. Xylem vessel diame­
ters were measured on root samples taken at the flowering stage from the 
Agronomy Farm, Ames, Iowa. The author assumed that the root length density, 
3 L^, of conducting roots was 0.2 cm/cm , which corresponds to 100 roots 
2 per plant (from the planting density of one plant per 625 cm with a 
tortuosity factor 1.25), because maintained itself around this value 
when the roots decreased due to the desiccation of soil water (Fig. 20). 
The number of xylem vessels at the base of the primary root was 
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Table 9. Xylem radii and the calculated axial resistances of various 
order of soybean roots 
Primary root Secondary Tertiary 
Base 20 cm from root root base 
Root radius (mm) 3.0 1.5 0.6 0.3 
Xylem radius (mm) 0.040 0.035 0.016 0.015 
(0.01-0.06) (0.01-0.07) (0.01-0.03) 
R ^(bar-sec-imn 
xc 
0.010 0.017 0.384 0.503 
R ^(bar-sec-mm ^) 
xa 
0.020 0.034 0.687 1.006 
n^^ 300 ± 40 50 ± 10 10 ± 3 5 ± 1 
Nd 1 1 70 29 
^Axial resistance calculated from the Poiseuille's equation. 
^Twice of R , assumed as the actual axial resistance. 
xc 
^The number of xylem vessels of a cross section of a root. 
^Assumed number of roots conducting water. 
about 300, and dropped to about 50 at 20 cm from the base. The major 
decrease was due to the change in the number of the secondary xylem 
vessels. The number of xylem vessels in the secondary roots was 10+3. 
The number of the metaxylem vessels developed in the center of the 
stele was 4 and the size was uniform. The radius of the secondary xylem 
ranged from 10 to 70 y. It is interesting that the largest xylem ves­
sels were found at 20 cm from the base. Meyer and Ritchie (1980) also 
reported that the individual xylem vessel size increased with increas­
ing distance from the stem of cotton plants. The size of the matured 
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metaxylem vessels presumably did not change over the growing period. 
These results affirm that the metaxylem vessels are the major conduct­
ing vessels in small roots and that the numerous secondary xylem ves­
sels produced as the radial growth of a root continues become the major 
conducting vessels in a large primary root. 
Since the radius of a tertiary or higher order root was so small 
and it was so difficult to measure accurately the size of their xylem ves­
sels, the author assumed that the radius of metaxylem vessels was 15uand 
that the number of them was 5 ± 1 (Ames, 1941), and also assumed that 
the protoxylem elements would not be effective in the water transport 
due to their small radii, possibly much smaller than 10 y. 
The axial resistance of the primary root at the base was not dif­
ferent from that at the 20 cm distance from the base. The axial resist­
ance of the individual vessels of secondary and tertiary roots with 
their smaller radii was 20 times greater than that of the primary root. 
The number of xylem vessels also was less in the secondary and tertiary 
roots than in the primary root. 
If one picks an arbitrary proportion of 1% for for the primary 
root, 70% for the secondary roots, and 29% for the tertiary roots and 
assume that the water transported vertically through a particular soil 
depth below 20 cm occurs in direct proportion to L^, the average axial 
resistance can be calculated as: 
R 1 X 50 
X 0.01 + 100 X 10 0.687 X 0.70 + 0.0394 
= 8.505 X 10 ^  (bar-sec-mm 
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3 
and with a transpiration rate 1 cm/day (7.23 mm /sec), the potential 
drop along the vertical axis will be 
Aïl^x = 8.505 X 10 ^ X 7.23 = 5.15 x 10 ^ (bar/mm) 
The validity of this calculation is, of course, questionable until 
further detailed examination of axial resistance can be made through 
the relationship between the calculated axial resistance and the direct­
ly measured axial resistance. Also, further anatomical data must be 
collected to provide a better estimate of the proportion of conducting 
roots in a root system. Actually, some xylem vessels also may not con­
duct water due to cavitation or blocking (Milburn, 1979). 
b. Radial resistance To obtain values of the radial resistance 
of roots, it was assumed that the radial resistance was inversely pro­
portional to the conductivity of the soil-root system (k^yg) as proposed 
by Taylor and Klepper (1975), and that the root contact model of 
Herkelrath et al. (1977) was valid. The modified equation of equation 
(21), taking the root contact factor f as the proportion of the water 
content (6), and the saturation moisture content (8^) is 
= _ fs qy ln(rs/rstele) //g) 
*rs 8 2n(*x - 4^) ^ ' 
where k^^ is the conductivity of the soil-root system. If the radius 
of the stele is assumed 0.017 cm, \p is calculated from the covered 
X 
leaf water potential, 1;^, either as measured in the field or as pre­
dicted from equation (41c) and an axial potential drop of 0.062 bars/cm 
is used, then 
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(L X 625)/1.25 
= ^xi-1 + 0-0*2 ^  — ÎÔÔ ^ (43) 
where is the xylem potential at the ith layer and (cm/day) is 
the vertical flux density through the root system. In one further step 
to simplify the variability involved in an average conductivity 
of the soil-root system was taken by weighting the root density of each 
layer: 
L 
To k (z) X L (z) dz 
L^/Z) dz ' 
The calculated varied from 0.67 x 10 ^ cm/day to 5.7 x 10 ^  
cm/day and decreased linearly with the age of the plant (Fig. 21). Over­
all results showed that in the 100-cm row spacing was greater than 
in the 25-cm row spacing. The two points encircled in Fig. 21 
were calculated for the period July 31 to August 2. Low radiation and 
low temperature occurred during this period and 1.24 cm of rainfall 
was observed on July 30. Apparently, the values of were affected 
by these climatic conditions (Bunce, 1978). 
The difference in between the row spacings is puzzling. Large 
variations of root conductivity have been observed very often by several 
investigators (Newman, 1969a; Arya et al., 1975; Taylor and Klepper, 
1978); therefore, the differences in by a factor of two might not 
be important in view of the sources of errors involved in field measure­
ments of water potentials, q^, L^ and in estimating xylem potentials. 
However, some inferences could be made from relations between the root 
conductivity and L^. The L^ was generally lower in the 100-cm row 
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Pig. 21. The root conductivity of the root-soil system as afiiected by 
plant age. The individual points have the variability of 
the maximum order of two 
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spacing than in the 25-cm row spacing. Taylor and Klepper (1973) found 
that water uptake rate of corn roots decreased as the root length density 
increased. Allmaras et al. (1975) also observed that the water uptake 
rate decreased as root length density increased. Both investigators 
suggested that the root conductivity might be closely related with the 
soil hydraulic conductivity. Recent research using water uptake models 
has revealed that soil hydraulic conductivity may not limit water up­
take for wide ranges of available soil water, as mentioned in the liter­
ature review section of this dissertation. An interesting inference can 
be found in the analysis of water uptake by Landsberg (1980), and Landsberg 
and Fowkes (1978). They attempted to calculate the "effective length" de­
fined as the root length that minimizes the potential drop between xylen and 
soil that will satisfy transpiration with a given length of root, axial 
resistance and radial resistance. They suggested that the effective 
root length is proportional to the ratio R^/R^. A qualitative implica­
tion of this relationship is that, for calculating root conductivity, 
the root length should be redefined accordingly. Another possible ex­
planation for the difference in between the row spacing treatment 
is that it may be due to the assumptions made; that is, the axial re­
sistance in equation (33) was constant, the number of conducting roots 
was directly proportional to the L^, and the geometry of roots was the 
same. These assumptions might lead to an underestimation of in 25-
cm row spacings where is higher than in the 100-cm row spacing or to 
an overestimation of in the 100-cm row spacing. More detailed re­
search on the relationship between the axial resistance, radial 
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resistance and root length must be undertaken to understand the true 
nature of these resistances. 
The results obtained from calculating the conductivity of the soil-
root system clearly show that decreased markedly with time. The 
age of roots seems to be a very important determining factor for the 
root resistance in a long term experiment and for the dynamic changes 
in water uptake. The age of an individual root could not be determined 
easily in a field experiment and thus an averaged root conductivity 
was shown and compared with the time; however, the implications of Fig. 
21 are that young roots early in the growing season might have a con­
siderably higher root conductivity than old roots at the end of the 
growing season, possibly by a factor of 3 to 8. 
c. Effective root resistance and effective soil water potential 
The effective total root resistance (Ê^) and the effective soil water 
potential calculated from equation (7) are summarized in Tables 
10 and 11. The effective resistance, of the root system showed a 
large variability but the overall feature of was that decreased 
_3 
slightly from 0.04 to 0.01 bar-day-cm during the rapid growth period. 
The rapid expansion of root length decreased the overcoming the 
decreased root conductivity, , during this period. When the expan­
sion of root length ceased around 80 days after planting (Fig. 18), 
increased again, reflecting a decreased only. The effective soil 
water potential decreased with time until significant rainfall was 
observed. 
Some reports (Brady et al., 1974; Reicosky et al., 1975; Sivakumar, 
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Table 10. Values of resistances and water potentials in the 100-cm 
row spacing during 1979 
Water potential Flux Resistance 
(-bar) (cm^/day) (bar-day/cm^) 
~^ L ^ h q? ^ 
6/12-6/18 9. 11 4. 23 0. 767 82. 5 0. 482 0. 042 10. 12 0, 274 
6/19-6/25 9. 09 4. 01 1. 232 168. 1 0. 480 0. 016 10. 60 0. 560 
6/26-7/ 1 8. 98 5. 60 2. 064 75. 0 0. 096 0. 047 35. 19 1. 245 
7/ 2-7/ 4 8. 74 6. 58 2. 398 210. 0 0. 205 0. 020 10. 54 1. 641 
7/ 5-7/11 8. 86 6. 75 2. 492 116. 3 0. 070 0. 037 30. 14 2. 645 
7/12-7/16 9. 84 6. 60 1. 889 189. 4 0. 008 0. 025 37. 03 3. 463 
7/17-7/30 9. 69 7. 20 3. 409 216. 3 0. 066 0. 018 37. 78 5. 249 
7/31-8/ 2 8. 96 6. 63 3. 623 387. 5 0. 123 0. 008 18. 94 5. 060 
8/ 3-8/ 7 12. 35 8. 28 5. Oil 300. 2 0. 080 0. Oil 50. 88 5. 990 
8/8 -8/13 10. 05 9. 04 7. 598 93. 6 0. 028 0. 015 35. 02 5. 193 
8/14-8/19 11. 08 10. 40 7. 645 115. 5 0. 046 0. 025 14. 78 4. 145 
8/20-8/23 10. 85 9. 07 4. 764 45. 0 0. 019 0. 096 93. 68 3. 809 
is total flux at the stem of a plant. 
is flux per unit area of a leaf. 
is total effective resistance at the stem of a plant. 
*^Rcl is crown resistance per unit area of a leaf. 
Table 11. Values of resistances and water potentials in the 25-cm row 
spacing during 1979 
Water potential Flux Resistance 
. , (-bar) (cm^/day) (bar-day/cm^) 
Period LAI 
4'T !^ o 9m T^ c^L 
6/12-6/18 9.30 4. 20 0. 775 66.9 0.437 0.051 11.67 0. 245 
6/19-6/25 9.00 4. 08 1. 156 170.0 0.463 0.017 10.63 0. 587 
6/26-7/ 1 9.20 5. 72 2. 154 104.0 0.266 0.083 26.85 1. 284 
7/ 2-7/ 4 9.10 6. 90 2. 050 229.4 0.219 0.021 10.02 1. 675 
7/ 5-7/11 8.96 7. 63 3. 700 153.1 0.092 0.026 14.43 2. 658 
7/12-7/16 9.84 8. 21 3. 279 183.8 0.083 0.027 19.66 3. 546 
7/17-7/30 9.79 7. 47 3. 879 163.8 0.089 0.021 26.25 4. 317 
7/31-8/ 2 8.74 7. 62 3. 860 373.8 0.135 0.010 8.32 4. 441 
8/ 3-8/ 7 12.64 10. 26 5. 131 225.0 0.069 0.023 34.69 5. 238 
8/ 8-8/13 10.64 9. 00 5. 198 100.6 0.032 0.038 51.57 5. 056 
6/14-8/19 11.16 9. 33 7. 300 43.8 0.017 0.046 107.65 4. 112 
8/20-8/23 10.53 7. 70 3. 544 100.0 0.043 0.042 65.59 4. 112 
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1977) have weighted soil water potential by the thickness of each soil 
layer to represent the soil water potential sensed by plants. This 
average soil water potential will be valid only if there is no axial 
resistance and the radial resistance and the root distribution are all 
the same throughout the whole profile regardless of how much water is 
absorbed from each layer. Ritchie (1974) pointed out that such an 
averaged soil water potential might greatly influence the water uptake 
pattern and that assigning an average of integral potential was diffi­
cult when the soil water potential of certain layers was extremely low. 
This difficulty may be overcome by using equation (9). Fig. 22 shows 
the difference between the effective soil water potential, and an 
average soil water potential, taking -15 bars as the value if the 
actual soil water potential seemed to be below -15 bars. A large dis­
parity can be observed between the two potentials when the soil water 
potential was low. Table 12 clearly demonstrates two extreme cases 
that occurred when our data were analyzed. Example 1 was when the water 
uptake occurred at the surface after a rainfall, and Example 2 was when 
the water uptake occurred from deep soil. The showed lower values 
than the ip^ in Example 1 that water was absorbed by the plant against 
the gradient of potential. Because water uptake is not uniform with 
depth and time due to the continuous changes in soil water and in roots 
throughout the profile, an average soil water potential will not ade­
quately represent soil water potential of the profile. The 4/^ calcu­
lated from equation (7) is -5.1 bars. Since the radial resistances of 
the upper 90 cm layer are too high for significant water uptake, the soil 
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Fig. 22. A comparison of average soil water potential, and 
effective soil water potential, 4'g; •= 25 cm rows; o: 100 
cm rows 
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Table 12. Comparison of the effective soil water potential and the 
average soil water potential 
Depth ® Lv 
(cm) (cm^/cm3) (bar) (bar) (cm/day) (cm/cm^) 
Example 1 (8/11, 1979, simulated with iI)q = -10 bar, 25-cm row spacing) 
0- 15 0.115 -9.77 -41.1 0.0351 0.503 "i's = -11.24 
15- 30 0.112 -9.59 -51.1 0.0146 0.184 
30- 60 0.109 -9.09 -11.2 0.0010 0.145 = -5.10 
60- 90 0.109 -8.78 -12.2 0.0023 0.178 
90-120 0.123 -8.32 - 6.0 -0.0192 0.204 = -7.92 
120-150 0.151 -7.81 - 2.0 -0.1420 0.128 
150-180 0.183 -7.35 - 1.1 -0.0318 0.026 
Example 2 (8/22, 1979, simulated with = -8.51 bars, 25-cm row spacing) 
0- 15 0.170 -8.24 - 3.4 -0.2803 0.622 
-7. 51 
15- 30 0.129 -8.15 -17.4 0.0041 0.277 S 
30- 60 0.115 -8.01 - 8.2 0.0001 0.133 = 
-3. 51 
60- 90 0.109 -7.87 -12.1 0.0015 0.144 
90-120 0.116 -7.76 - 9.4 0.0008 0.187 = 
-7. 27 
120-150 0.130 -7.61 - 3.8 -0.0245 0.137 
150-180 0.177 -7.35 - 1.2 -0.0368 0.043 
Example 3 (7/3, 1979, simulated with = -5, .27 bar. 100-cm row spacing) 
0- 15 0.160 -5.12 - 4.8 -0.0141 0.180 ipg^ = -1.46 (bar) 
15- 30 0.180 —4.80 - 2.6 -0.0480 0.080 
30- 60 0.191 -3.83 - 1.2 -0.0455 0.034 $gC = -3.47 
60- 90 0.205 -3.19 - 0.9 -0.0282 0.028 
90-120 0.215 -2.64 - 0.8 -0.0069 0.007 = -1.46 
120-150 0.221 -2.30 - 0.8 -0.0027 0.004 
150-180 0.219 — 0.8 
is water uptake rate (- indicates uptake from soil). 
^Average soil water potential of the root zone. 
'^Effective soil water potential. 
^Average soil water potential of the root zone taking -15 bars for 
the soil potential below -15 bars. 
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water potentials of these layers may be neglected in equation (7) and the 
significant potentials are the potential drop along the vertical axis and 
the soil water potentials of the soil layer below 90 cm where the water up­
take occurs. The calculated & is -5.1 bars. In Example 2, the calcu­
lated is -3.5 bars, a value quite close to the soil water potential of 
the surface soil and much higher than the average soil water potential, \p^. 
Both examples show that taking the average soil water potential led 
to overestimating the soil water potential that controlled water supply. 
Example 3 shows the case where the average soil water potential is under­
estimated because soil water potentials of deep soil are high but the to­
tal water uptake is small due to low root length density. Therefore, the 
calculated is the more useful representation of effective soil water 
potential in terms of water uptake. Equation (7) seems perfectly valid 
from the mathematical viewpoint with regard to Ohm's law in ideal condi­
tions. If this derivation is valid all of the time, the predawn plant 
water potential must equilibrate with the highest soil water potential in 
the rooting zone, or at least close to this potential. Figure 7 showed 
earlier that this equilibrium did not occur. More precise measurements of 
crown water potential, ip^, and of parameters involved in water uptake must 
be undertaken before we can use the proposed equation (7) with confidence. 
B. Simulation of Water Uptake 
1. General structure of the model 
A simplified flow diagram of the general model to simulate water 
uptake and seasonal changes in soil water contents based on equations 
(1) and (2) is shown in Fig. 23. The six basic compartments are; 
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Reading input data, calculating potential évapotranspiration and soil 
evaporation, calculating infiltration, calculating water uptake by 
plant roots, calculating movement of soil water from one soil layer to 
another, and printing outputs. Basic plant data to estimate root 
length density and climatological data are necessary. These climatologi-
cal data are radiation, rainfall, maximum and minimum temperatures, 
soil temperature, and pan evaporation. Each subprogram is called on 
a daily basis to estimate each parameter as an option when measured 
data are not available. 
Due to the limited data available, the Jensen-Haise method was 
used to estimate the potential évapotranspiration (PET) and Ritchie's 
model (1972) was adapted to calculate the soil evaporation (E^^ for 
unlimited water conditions and E^ for limited water conditions). The 
water uptake component was predicted using the single root model equa­
tion (42), a modified version of Taylor and Klepper (1975). Changes 
in water contents in the profile as a function of time were calculated 
by a numerical computational technique solving the parabolic differen­
tial equation (2) subject to the boundary and initial conditions of 
equation (2a). Finally, the program printed out the daily information 
obtained and continued the calculations until the desired day for 
termination. 
a- SUBPET (subprogram to estimate potential évapotranspiration 
(PET)) This subprogram is designed to estimate the PET either from 
the Jensen-Haise method or from daily pan evaporation. 
Jensen and Haise (1963), Jensen (1969), and Jensen et al. (1970) 
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proposed an equation to predict the potential évapotranspiration from 
the data collected in well-watered crop fields with full cover in the 
western USA. The equation is: 
PET = - T )R X 0.001715 (cm/day) (45) 
JL ulcalx X S 
where is a temperature coefficient, T and T^ are the mean air tem­
perature and the interception of the temperature axis where PET be­
comes zero, and is the solar radiation (Ly/day). can be estimated 
as follows : 
^ ^ 50 mb 
H (e - e . ) 
max mxn 
= 38 - (2°C X elevation in m/305 m) 
C2 = 7.6°C . 
T^ can be obtained with the equation: 
T = -2.5 - 0.14(e - e . )°C/mb - elevation in m/550 (47) X max mm 
where e and e . are the saturation vapor pressure at the maximum 
max mm 
and minimum temperature of the day, respectively- The saturation vapor 
pressure e^ (at temperature T°C) can be calculated by a formula (Bosen, 
1960): 
e^ = 33.8639 x (0.00738 T + 0.8072)® - 0.000019 x 
ABS(1.8T + 48) + 0.001316 (in mb) (48) 
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for -51°C < T < 54°C and ABS is the absolute value of the argument. 
When the solar radiation data are not available, R can be esti-
s 
mated from the total daily solar radiation at the top of the atmosphere 
by the method of List (1963). For a clear day, was assumed to be 
70% of the total daily solar radiation (RA). 
Fig. 24 shows the close relationship between the PET and the pan 
evanporation measured on the Class A pan at Castana, Iowa, during 1979. 
PET usually overestimated pan evaporation; however, when the measured 
value of the pan evaporation was not available, PET can be used to 
estimate pan evaporation with a fair degree of accuracy. 
b. SOILEV (subprogram to estimate soil evaporation) Subprogram 
SOILEV estimates the evaporation from the soil based on the energy bal­
ance at the soil surface (Ritchie, 1972). Under wet conditions with no 
plant canopy, the soil evaporation estimate (E^^) will be equal to PET. 
Ritchie's (1972) model is a combination equation of Penman (1963). The 
energy balance at the soil surface is estimated from the light intercep­
tion of the plant canopy. He defined E^^: 
E^^ = (• i )R X 0.001715 (cm/day) (49) SO n I* 0 US 
where R is the average net radiation at the soil surface, A is the 
ns 
slope of the saturation vapor pressure curve at the mean air tempera­
ture, and a is the constant of the wet and dry bulb psychrometer equa­
tion. For estimating A and a, Bosen's (1960) formula was used for A, 
and Brunt's (1952) formula was used for a: 
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A(mb °C = 33.8639 x (0.05904 x (0.00738T + 0.8072)^ -
3.42 X 10"^) (50) 
for T > -23°C. 
"C"^) = 0^ (51) 
where is the specific heat of dry air (0.240 cal/g/°K) (List, 1963) 
and P is the air pressure estimated from the elevation (ELEV). X is 
the latent heat of vaporization. Suggested formulae for P and X are 
(Jensen, 1973): 
P = 1013 - 0.1055 (ELEV) (mb) (52) 
A = 595 - 0.51 T (cal/g) . (53) 
Equation (50) also requires an estimate of net radiation at the 
surface soil. The net radiation (R^^) can be estimated from the energy 
balance equation: 
R = (1.0 - ALBEDO) x R - R, - G (54) 
no s b s 
where (1 - ALBEDO) x R^ represents the net radiation received by a 
field, R^ is outgoing thermal radiation, and is the heat transfer 
into the soil. Budyko (1958) reported the albedo was 0.1 to 0.2 for 
moist grey soils and 0.20 to 0.35 for dry soils. With this information, 
average albedo for a bare soil, ALBES, was estimated by 
ALBES = 0.35 - 0.5 X STHETA (55) 
where STHETA is the soil water content at soil surface. The total 
100 
albedo value, ALBEDO, can now be estimated by the formula based on the 
leaf area index from an empirical equation developed by Ritchie (1972): 
ALBEDO = ALBES + (0.23 - ALBES) — . (56) 
max 
ALBEDO for full canopy is thus 0.23. To complete the calculation of 
equation (54), one must estimate the net outgoing long wave radiation. 
Jensen et al. (1970) suggested, for calculating with limited data, 
that one use an empirical equation developed from the data in California: 
= (1.35 ^ 2- - 0.35) (57a) 
so 
where 
R^  ^= e'oT^  . (57b) 
The coefficients in equation (57a) appeared to give reasonable results 
for western Iowa when used by Anderson et al. (1978) to estimate potential 
évapotranspiration; therefore, these coefficients were used without 
calibration. The parameter e '  is the net emissivity and a  is the 
_8 2 Stefan-Boltzmann constant (11.71 x 10 cal/cm /day). Idso and Jackson 
(1 9 6 9 )  g a v e  a n  e q u a t i o n  t o  e s t i m a t e  e ' :  
e' = -0.02 + 0.261 exp(-7.77 x lO"^ t ^) . (58) 
mean 
Finally, the heat transfer into soil can be estimated from the measured 
value of soil temperature with an equation 
GS = (Cp^ e(z) + Cpg V(z))dz (59a) 
where T is the soil temperature, C and C are the volumetric heat 
s pw ps 
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capacity of water and soil taken as 1.0 and 0.6 cal/cm^/°C, respectively. 
is the desired soil depth. A(z) and V(z) are the volumes of soil 
water and the soil solid parts. If the measured data of soil tempera­
ture are not available, one may use formula (59b) with air temperature, 
T^, as the driving function. 
Ti - Ti-i 
Gs = -i——^ X 0.5 X 200 . (59b) 
The fraction of net radiation reaching the soil surface is assumed 
equal to the fraction of the total radiation reaching the soil surface 
and thus from empirical equation (36). Replacing R^^ and R^^ in equa­
tion (36), 
R = R X exp (-k LAI) . (36') 
ns no 
Soil evaporation, estimated from equation (49), can be defined as 
the potential soil evaporation based on the energy balance under un­
limited soil water conditions. When the soil is wet, soil evaporation 
will thus reach Eg^. This stage may be called Stage I or the constant 
evaporation rate stage and does not last long before soil water in the 
surface layer is depleted. Since equation (49) neglects wind and vapor 
pressure deficit terms, evaporation estimates may be relatively inaccu­
rate when between row advective energy affects young plants when the 
canopy is small at the beginning of the season, causing overestimates 
when the humidity inside of the canopy increased, or causing underesti­
mates when the wind is high and advection from surrounding fields 
affects the energy balance (Richardson and Ritchie, 1973). 
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c. EVAPO (subprogram to estimate soil evaporation) During the 
periods when the soil surface is drying, evaporation from the soil is 
no longer determined solely by the energy balance but also is deter­
mined by the hydraulic properties of soil (Black et al., 1969). Water 
flux to the soil surface (Q^p) is calculated from flux equation (2a). 
The actual evaporation from the soil (E^) is taken as the smaller of 
E and Q 
so up 
d. PLATRA (subprogram to estimate the transpiration) The daily 
transpiration from a developing plant canopy under the unlimited water 
conditions can be estimated from PET and LAI. Richardson and Ritchie 
(1973) defined the plant evaporation (E^) under these conditions: 
Ep = PET (-0.21 +0.7 /LÂÏ) for 0.1 < LAI < 3.0 . (60) 
The sum of E and E is limited to PET for the LAI > 3.0. This equation 
s p 
was developed for cotton and grain sorghum (Ritchie and Burnett, 1971; 
Ritchie, 1972) and is applicable to oats (Richardson and Ritchie, 1973). 
Equation (60) was used as a first approximation of the potential tran­
spiration of soybeans in this dissertation. 
Actual transpiration (TRANS) is estimated from the water uptake 
model and input data of root density. The daily values are obtained 
by a linear interpolation. The water uptake from a layer (UPTAKE^) is 
calculated from equation (3). The equation requires estimates of root 
conductivity and xylem potential. The root conductivity can be esti­
mated from the empirical equation shown in Fig. 21. When the reverse 
flux from root-to-soil is expected, root conductivity is reduced to 
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1/40 (Molz and Peterson, 1976). The crown water potential can be esti­
mated from empirical equation (41c). To calculate the xylem potential, 
the potential drop of 0.62 bars/cm/cm is used where is the verti­
cal flux density (cm/day) through xylem. The following iteration pro­
cedure is used to estimate TRANS. 
(1) Set U = E , TR.4NS = 0. CRPOT = . 
1 p o 
(2) Calculate the potential drop from the soil surface to the 
middle of the first layer i = 1 with equation (6) to estimate 
the xylem potential, (POTXLM^). 
(3) Calculate the water uptake at the ith layer, UPTAKE^ and 
TRANS = TRANS + UPTAKE^. 
(4) Calculate the flux U.,_ = U. - UPTAKE.. 
1+1 X 1 
(5) Repeat to (2) until the desired depth of the rooting zone is 
reached. 
(6) Compare and TRANS. If ABS(U^ - TRANS) is smaller than a 
selected error bound (e), the estimated transpiration is 
TRANS. If ABS(U^ - TRANS) is not smaller than £, is re­
calculated as 
Ui = + TRANS )/2 
and repeated to step (2). The under-relaxation is often neces­
sary due to the oscillation of and TRANS at each iteration. 
In most cases, ten iterations are sufficient to converge with­
in the error bound of 0.0001. 
(7) If che final calculated TRANS is greater than E^, reduce 
to the factor of /TRANS and recalculate TRANS; therefore. 
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TRANS gives a smaller value than E . 
o 
The subroutine PLATRA calls the subroutine SOLSYS to provide the 
effective resistance and the effective soil water potential. 
e. ERUNFF (subprogram to estimate effective rainfall and mppff) 
The subroutine ERUNFF estimates the effective rainfall (EFRAIN) and 
RUNOFF by the method of Kohler and Linsley (1951) as described in the 
Materials and Methods section. 
f. MACRO (subprogram to calculate the soil water changes) The 
last compartment is to calculate soil water movement as a function of 
time on a daily basis. The solution of the parabolic partial differen­
tial equation (2), subjected to the boundary and the Initial conditions, 
is obtained with a differential equation solver, DGEAR, mounted in the 
mathematical subroutine library (IMSL) for the ITEL Advanced System/6 
Computer. This subprogram provides the information necessary to call 
DGEAR. 
2. A differential equation solver, DGEAR 
Numerical methods are often used with a high speed computer to 
describe dynamic changes in soil water movement in unsaturated soil 
coupled with a term to describe water extraction by plant roots. Several 
models of the vertical water flow are based on the finite difference 
solution techniques with fixed nodal points and fixed step size either 
by a single step or a multi-step procedure such as an explicit single 
step documented in CSMP (Hillel et al., 1975; Feddes et al., 1978), a 
Galerkin's method (Cushman et al-, 1979), an alternative direction 
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implicit method (Slack et al., 1977), implicit or explicit predictor-
corrector methods (Haverkamp et al., 1977; Molz and Tollner, 1980; 
Ritcher, 1980; Wind and van Doorne, 1975). Most of these methods require 
small temporal and spatial steps in the linearized difference solution 
scheme because of stability requirements due to the large changes in 
the hydraulic gradients and due to hydraulic conductivities which dif­
fer by several orders causing stiffness problems. A single step method 
may not be sufficient, even with the aid of an explicit simulation 
package such as CSMP (continuous simulation modeling program) (Haverkamp 
et al., 1977). Therefore, a multistep method with a varying time step 
size may be helpful in saving computer time for a long-term simulation 
(Ritcher, 1980). The Gear's method is such a method and can be adapted 
to an ordinary differential equation or a set of ordinary equations with 
stiffness problems (Gear, 1971a, 1971b, 1971c) and has the practical 
effect of considering a set of ordinary equations (Lapidus and Seinfeld, 
1971; Shampine and Gear, 1979). 
a. Discrete variables The parabolic non-linear partial dif­
ferential equation (2) can be discretized with respect to the depth (z) 
for irregular grids (Nimah and Hanks, 1973; Finder and Gray, 1977) to 
a set of differential equations as the following numerical equation: 
Aj(t) is defined in equation (3). The equation is now only a function 
of the time variable that can be readily integrated. The boundary 
where z Ij = - =j-l' ^2j = ^j+1 - ^3j = (^j+1 + :j-l)/2. 
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conditions and initial conditions are: 
t = 0 z > 0 = 6j(0) 
t > 0 z 
t > 0 z = G q = q + EFRAIN 
o 
t > 0 z = 0 q = E + EFRAIN 
s 
For estimating Feddes et al. (1978) suggested that one take the 
geometric mean when large differences in \p and K are expected. The 
geometric mean is preferentially used in this program. 
ically solving a set of ordinary differential equations that is par­
ticularly well suited for the stiff problems that can be defined by 
the nature of the differential equations involving both very rapidly 
and very slowly changing terms, all of a decaying nature. The package 
is on line in the ISDCC (Iowa State University Computer Center) library. 
(By a stiff problem, Shampine and Gear (197 9) defined one for which no 
solution component is unstable and at least some component is very 
stable. Further, the solution must be slowly varying with respect to 
the most negative real part of the eigenvalues. The stiff problem, 
thus, can be characterized by the property that the ratio of the largest 
to the smallest eigenvalue is much smaller than one (Lapidus and 
= SQRT (K( 8 j )  X  K(G )) (60) 
b. DGEAR DGEAR in IMSL is a package of subroutines for numer-
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Seinfeld, 1971). A problem may be stiff for some intervals of the inde­
pendent variable and not for others.) The GEAR package also provides 
by option other methods such as Adams-Bashfort-Molton predictor cor­
rector method for non-stiff problems as well. Any detailed discussion 
of the predictor-corrector multistep method is beyond the scope of 
this dissertation. A brief outline of this method follows: 
A predictor-corrector method has two processes. In predictor proc­
ess, an approximation for a given differential equation vector system 
with the given initial conditions will be calculated from previously 
evaluated values by a linear extrapolation and correction process cor­
rects the approximate values iteratively. 
The GEAR package automatically controls the local truncation error 
of the predictor-corrector method by first estimating the error and 
then adjusting the integration step size to keep this error within 
bounds that are preset by the user. Details are available in the docu­
mentation and references furnished with the library package (Hindmarsh, 
1973). 
The DGEAR does not control the global errors which increase exponen­
tially with the step procedure. Henrici (1962) suggested that ^  priori 
bound for the discretization error for a single equation can be estimated 
as : 
|e^ l < (Aôk+(x^  - x^ )(K^ h^  + GYh^ )) exp((x^  - x^ )Lr*B (61) 
where A, G, B, k, and F* are determined by the method chosen and L and Y 
are the constants that can be determined by the nature of the problem. 
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For an example, consider the case of Adams-Moulton method of order of 5. 
Then 7* = 1/(1 - hL (252/720)), A = 2, B = (643/360), G = 0.01876, and 
k = 4. One may take = 0 if the round-off error is not significant, 
and one may neglect 6 which is the starting error that may be compara­
tively small as the step continues. The remainder terms are L, Y, and 
(x^  - x^ ) and the step size h. L is known as the Lipschitz constant 
and Y is the maximum value of ABS(y^ '^ )^. Therefore, a proper choice 
of the step size may give a small global error. 
3. Trial run of ^  simulation run 
The data collected from the previously described experiment were 
used to test the program. The model calculations were performed on a 
daily basis with the input data collected from the 25-cm row spacing. 
The 25-cm row spacing data were used because these plants gave uniform 
cover and there were no horizontal differences in root distribution and 
soil water content. The measured soil moisture contents on June 12 (28 
days after planting) were used as the initial water conditions. Most 
of the simulated soil water content values agreed well with the measured 
values, as shown in Fig. 25. The water content changes in the upper 30 
cm were greatly affected by rainfall and évapotranspiration. The water 
content changes in deep soil were mostly determined by the root uptake 
and the soil water movement through bulk soil. The percolation and 
capillary rise rates were very slow for this deep loess soil without a 
water table. 
A slight discrepancy was observed at the 30- to 90-cm depth when 
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25. Soil water content simulated by the computer model compared 
to the observed values for soybean during 1979 
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soil water was depleted rapidly early in the growing season. This dif­
ference between predicted and observed values could be due to inaccu­
racy of the model or due to the uncertain measurements of water content 
and physical properties of the soil. Another discrepancy appeared dur­
ing the period of August 8 to August 20 (85 to 97 days after planting) 
in the top 30-cm layer. During this period, the surface soil was very 
dry. Soil evaporation, as calculated by the model using soil hydraulic 
characteristics, obviously was underestimated. The hydraulic conductiv­
ities of the top 30 cm showed that the water content corresponding to 
-15 bars was 0.135 and the hydraulic conductivity at this water content 
was 10 ^  cm/day. During this period, the calculated soil evaporation. 
Eg, was as low as 20% of the total potential soil evaporation, 
therefore, some unused energy might be transferred into deeper soil 
(presumably to 30 cm?) and cause evaporation there. This discrepancy 
also may have been caused by an inaccuracy in soil water sampling. 
Figs. 26 and 27 show the seasonal changes in the available soil 
water of the top 180 cm of soil and the cumulative évapotranspiration 
components, E^ , T, and ET. A visual comparison shows good agreement 
between the simulated and observed values of ET. Some biases are pres­
ent in the early growing period in ET (Fig. 27) as in the soil water 
content (Fig. 26). In the early growing period when the canopy was 
scarce and the soil water content was high, the E^  was estimated at 
2mm/day and dropped to about 0.4 mm/day as the full canopy developed 
and as soil water was depleted. When the surface soil dried to below 
15%, E^  was as low as 0.1 mm/day. Soil evaporation was not directly 
25.0 
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Fig. 26. Available soil water held at the soil water potentials greater than -15 bars; 
simulated results compared to the observed values in field 
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27. Cumulative volume of water used by évapotranspiration components, soil evapora­
tion, Eg, transpiration, T, and total E^ , as simulated by the model and as measured 
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measured; however, these values seemed reasonable. The cumulative 
évapotranspiration agreed with the measured ET except for the previ­
ously mentioned bias in the growing season. 
Deep percolation, calculated from the water flux between 180-cm 
layer and 210-cm layer, is summarized in Fig. 28. The deep percolation 
rate was as high as 0.2 mm/day. It became smaller as the soil water 
movement proceeded and finally, water started rising from the 210-cm 
layer to the 180-cm layer at 66 days after planting. The largest 
value of the capillary rise simulated at this depth was 0.07 mm/day, 
which is far too low to satisfy the water uptake of roots in the pro­
file. This fact clearly demonstrates that root exploration into deep 
soil where water exists is essential for a continuing plant water supply 
when the available water of upper layers is limited. 
Fig. 29 shows the simulated results of the seasonal changes in the 
effective soil water potential, and the crown water potential, ip^ . 
and decreased as the soil water was depleted, decreased from 
-5 bars to -12 bars and decreased from -0.7 bars to-9 bars. The 
driving force, the difference between and was about 4 bars when 
ranged from -0.7 bars to -6 bars, and it decreased to about 2 bars 
when tjig was lower than -8 bars. The low transpiration rate between 
days 85 and 97 (Fig. 27) thus was due both to a small driving force and 
a decreased root conductivity, both of which decreased as the soil water 
content decreased. 
Occasional large fluctuations were observed in and when rain­
fall wetted the surface soil. This fact implies that both potentials 
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are sensitive to the wetness of surface soil. A marked increase in i 
s 
could be observed as the soil surface became wet regardless of the soil 
water condition in the remainder of the profile and of the soil water 
history in the previous days. In field conditions, plant water stress 
does not become severe if the surface soil becomes wetted by rainfall 
and the plant water potential increases substantially until the wet 
soil is again dried. These facts justify use of the "effective soil 
water potential" rather than "average soil water potential". 
The model developed in this dissertation describes water uptake by 
a plant as a function of initial soil water content, plant water poten­
tial, soil hydraulic properties, and time. Results of simulations by 
the model conform reasonably well to the experimental results. However, 
a close examination into the details of the computer output revealed 
some large disparities in the temporal water uptake, especially in the 
deep soil where the roots are sparse and also in the surface soil. 
These disparities are readily explainable due to the assumptions made 
in the water uptake model. These assumptions are: (1) the water uptake 
is a direct function of the water potential difference between two 
points in consideration, root density, and the root conductivity of the 
system following Ohm's analogy; (2) the osmotic potential is negligible; 
(3) the root conductivity of the system is a function of time and the 
moisture content ignoring the differences in age between the upper 
layers and lower layers; (4) the water movement follows Darcy's flow; 
and (5) the water uptake occurs as a steady state during the daytime. 
Such simplified assumptions are necessary in a water uptake model at 
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the present time due to the complexity and variability of the parameters 
involved. Some of the experimentally determined plant and soil param­
eters possibly are factors limiting the model performance. A single 
root conductivity of the system, was used to apply for the whole 
profile at a time regardless of the depth. This assumption is ques­
tionable and may cause an underestimation of the water uptake in the 
deep soil where roots are sparse but possibly more active because of 
the younger age of the roots. It may be necessary to take the age 
effect of each depth into account in a further improvement of the model. 
In this model water uptake is ultimately restricted by the soil and 
plant water potentials that are predicted empirically after ignoring 
the osmotic potential; therefore, the lowest soil water potential from 
which water can be extracted is limited by the xylem potential calcu­
lated by coupling in axial resistance, which is estimated roughly. 
Accurate measurements of these parameters will improve results of the 
model. 
No attempt was made to describe the system beyond the root-crown 
junction where stomatal control of the transpiration occurs and where 
canopy resistance comes into play. It should be relatively easy to 
link transpiration models to this water uptake model through the LAI, 
uncovered leaf water potential, and net radiation parameters. 
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VI, SUMMARY 
A mathematical model, based on the water flow equation to simulate 
water uptake of soybean roots, was developed with the aid of a digital 
computer. Field experiments were conducted during the 1975, 1976, 
1977, and 1979 growing season to obtain the necessary parameters for 
the model. Two different row spacings, 25 and 100 cm, with the same 
plant density, were used. The parameters obtained were (1) in the 
soil (hydraulic conductivities, soil water potentials, and. water con­
tents in various layers of the soil profile), (2) in the plant (leaf 
area index, plant water potential, root density, root conductivity and 
axial resistance of roots), and (3) in the atmosphere (radiation, rain­
fall, pan evaporation, and temperature). An intensive analysis of the 
data collected in 1979 was performed. A computer simulation run was 
attempted with the parameters obtained from the 25-cm row spacing, 
which gave a more uniform distribution of roots and of canopy than the 
100-cm spacing. The results were summarized as follows; 
A. Field experiments 
1. The functional relationships between soil water potential and 
volumetric soil water content and between the hydraulic conductivity 
and the volumetric soil water content were obtained by ^  situ measure­
ments using a set of tensiometers and a neutron probe. Laboratory 
measurements were used to supplement field measurements. The resulting 
functions were represented as polynomials. 
2. The relationships between the light interception and the leaf 
area index were represented as a Beer's law function. The extinction 
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coefficients in that function were 0.3347 and 0.5061 for the lOO-cm and 
the 25-cm row spacing, respectively. The time course change of the leaf 
area index was developed statistically with a Gompertz-type growth equa­
tion for the whole growing period of 1979. The leaf area index seemed 
to be slightly larger in the 100-cm rows than 25-cm rows in the middle 
of the growing season; however, the difference was not significant. 
3. The évapotranspiration rate calculated from the water balance 
equation showed that soybeans in 25-cm rows consumed more water from the 
root zone in the early growing season than soybeans in the 100-cm rows 
but the total water used for the whole growing period was not signifi­
cantly different. No effect of the row spacings on the yield of soybeans 
was obtained except for the wet years 1977 and 1979 when the yields in 
the 25-cm rows were greater than those in the 100-cm rows (significant 
at 5% level). 
4. The water potentials of uncovered leaves measured in 1979 showed 
no difference between the row spacings while the water potentials of 
leaves covered with aluminum foil at sunset of the previous day showed 
1 to 2 bars lower in the 25-cm rows than the 100-cm rows during the 
growing season. The regression analysis showed that the water poten­
tials of uncovered leaves measured at midday were significantly corre­
lated with the soil water potential. The difference in water poten­
tials of uncovered leaves between the measured value and the value pre­
dicted with radiation and air temperature (ALWP) correlated with 
2 the soil water potential (R = 0.849) and the covered leaf water poten-
2 tial was correlated with the soil water potential and temperature (R = 
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0.788). The predawn level of the leaf water potential was poorly cor­
related either with the average soil water potential within the root 
zone or with the highest soil water potential within the root zone but 
tended to decrease with both soil water potentials. 
5. The total root length per unit area, L^ , increased until 100 
days after the planting. The in the 25-cm rows was greater than 
that in the 100-cm rows. The also was greater in a dry year, 1976, 
than in 1979, a wetter year. The maximum rooting depth was 240 cm in 
1976 and 180 cm in 1979. The distributional pattern of root length 
density, L^ , as a function of depth and time, showed that of the upper 
layer decreased after the soil dried out, but it was maintained near 
3 0.2 cm/cm . 
6. The water uptake rate decreased as the soil water became de­
pleted. The maximum water uptake rate zone was displaced downward as 
the soil water in the upper layer was depleted and the downward shift 
was ultimately limited by the lack of roots in the deep soil. The max­
imum uptake rate that was observed occurred at the depth where the 
3 
was at least 0.1 cm/cm . The difference between the two row spacings 
was not obvious except early in the growing season. 
7. The specific water uptake rate, q^ , of the soybean roots showed 
-4 3 large variability with a range from 10 to 0.5 cm HgO/cm root-day. 
The most values were in the range from 5 x 10 ^  to 0.2 cm^  HgO/cm 
root-day. 
8. The axial resistance estimated from the Poiseuille's equation 
was 8.5 X 10 (bar-sec-mm ) and the potential drop along the vertical 
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axis with a transpiration rate of 1 cm/day was 0.0615 bars/cm. 
9. The average root conductivity of the soil-root system (K^ )^ 
calculated from a formula proposed by Taylor and Klepper (1975) coupled 
with a root contact factor (8/8^ ) showed a large range from 0.7 x lO"^  
cm/day to 5.7 x 10 ^  cm/day and decreased linearly with the age of 
the plant. 
10. The effective root resistance (R^ ) and the effective soil 
water potential were defined by the solution of a set of equations 
based on Ohm's analogy. decreased as the root length increased 
during the rapid growing period and increased again due to the de­
creased The decreased until significant rainfall observed, then 
increased. The crown resistance per unit area of a leaf (R^ )^ showed 
a tendency to increase with the age of the plant. The result seemingly 
showed that the 41^  was more realistic than the average soil water poten­
tial (taken as the arithmetic mean of the soil water potential after 
weighting potentials for the thickness of the soil layer only). 
B. Simulation of water uptake 
A simulation of water uptake was performed based on a solution of 
the flow equation with the aid of a differential equation solver, DGEAR, 
in the IMSL package. The graphical comparison of simulated and measured 
water contents as a function of time showed good agreement, but there 
still was some disparity due to the possible inaccuracy of the field-
measured parameters. The simulated soil evaporation showed about 2 
mm/day early in the growing period and dropped to about 0.4 mm/day as 
the full canopy developed and the soil water supply was depleted. 
122 
During the dry period, soil evaporation was as low as 0.1 mm/day. Deep 
percolation calculated from the flux between the 180-cm and 210-cm layer 
was as high as 0.2 mm/day and became smaller with time. After the soil 
water content of the upper layer decreased sufficiently, the water 
flux reversed and showed capillary rise. The rate of the capillary 
rise reached about 0.07 mm/day, which was too low to satisfy water up­
take of the root system. 
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APPENDIX A: COMPUTER PROGRAMS 
D I M E N S I O N  T H E T A ( 2 0 . I  0 ) . T E M S Q I ( 5 )  , O E L T H E ( 1 0 ) , A V T H E ( 1 0 ) ,  
l U P T A K E ( 1 0 ) , C U M U P T ( 1 0 ) , F L U X ( 1 0 )  » T H I C K ( 1 0 ) , B D ( 1 0 ) , T E M P S T ( 5 ) ,  
8 R U T D E N ( 2 0 , 1 l ) , N D A T E ( 2 0 ) , R T O E P ( 2 0 ) »  N O A Y { 2 0 ) , N N O A Y ( 2 0 ) . F C ( 1 0 )  
$ . X H <  1 0 ) , X K (  1 0 ) , T H E T A l ( 1 0 ) , N O L A ï <  2 0 ) . X L A I ( 2 0 )  
S , X S 0 R T ( 2 0 ) , R T O E N ( I l ) , Q R ( 1 1 )  
D 1 M E N S  I O N  R F L U X ( 1 1 )  , O E L P O T ( 1  1 ) « R X ( 1 1 ) , X I N F L Q ( l l )  
D I M E N S I O N  T I T L E ( 2 0 ) , O E F I C T ( l 0 ) • F  I L L ( 2 0 ) , P O T X L M (  1 0 )  
C O M M O N / C L A M A T / T M A X , T M I N , T M E A N , R S , R A , R B , G S  
C O M M O N / E V A P O R / E V . A V E S O  
C 0 M M 0 N / B U L K 0 N / 8 D , T H I C K  
C O M M O N / S O I L T M / T E M S O I  . T E M P S T  
C O M M O N / I D F L A G / I O A Y F L  
C O M M O N / H Y D R O / X H , X K  
C O M M O N / R A I N F L / R A I N . E F R A I N  
C O M M O N / U P T K / U P T A K E  
C O M M O N / L E N D A Y / D A Y L E N  
D A T A  T H I C K / 1 5 . , 1 5 . . 3 0 . # 3 0 . , 3 0 . , 3 0 . , 3 0 . . 3 0 . » 3 0 . , 3 0 . /  
D A T A  B D / 1 . 2 9 ,  1 . 2 9 , 1 . 1 9 4 ,  1 . 2 4 1 , 1 .  2 2 5 ,  1 . 2 2 4 .  l  . 2 2 4 ,  1 . 2 4 9 . 1  . 2 4 0 ,  1  . 2 3 5 /  
C  
C  T H I S  P R O G R A M  E S T I M A T E S  P O T E N T I A L  E V A P O T R A N S P I R A T I O N . S O I L  E V A P O R A T I O N , A N D  
C  T R A N S P I R A T I O N  
C  T H I S  P R O G R A M  U S E S  S I N G L E  P R E C I S I O N  A N D  C A N  B E  C H A N G E G E D  T O  D O U B L E  
C  P R E C I S I O N  S I M P L Y  B Y  D E C L A R I N G  I M P L I C I T  D O U B L E  P R E C I S I O N  
C  F O R  D O U B L E  P R E C I S I O N ,  D A T A  B L O C K S  M U S T  B E  C H A N G E D  T O  D O U B L E  P R E C I S I O N  
C  
C  T H E  P A R T I A L  D I F F E R E N T I A L  E Q U A T I O N  O F  T H E  W A T E R  F L O W  E Q U A T I O N  W A S  C H A N G E D  
C  T O  A  S E T  O F  O R D I N A R Y  D I F F E R E N T I A L  E Q U A T I O N S  B Y  D I S C R E T I Z I N G  T H E  S P A C E  
C  V A R I A B L E  
C  T H E  G E A R  P A C K A G E  W A S  U S E D  F O R  T H E  S O L U T I O N  
C  
C  W A T E R  U P T A K E  T E R M  I S  C A L C U L A T E D  W I T H  A  M O D I F I E D  T A Y L O R - K L E P P E R • S  M O D E L  
C  C O U P L I N G  W I T H  T H E  R O O T - S O I L  C O N T A C T  M O D E L  
C  P A R A M E T E R S  N E C E S S A R Y  I N  T H I S  C O M P U T I N G  A R E :  
C  I N  A T M O S P H E R E  :  R A D I A T I O N ,  A I R  T E M P E R A T U R E ( M A X . M I N ) . R A I N F A L L  
C  I N  S O I L  :  H Y D R A U L I C  C O N D U C T I V I T Y ,  M A T R I C  P O T E N T I A L , I N I T A I L  S O I L  W A T E R  
c CONTENT(VOLUMETRIC), BULK DENSITY 
C  I N  P L A N T  ;  L E A F  W A T E R  P O T E N T I A L .  C R O W N  P O T E N T I A L ,  L E A F  A R E A  I N D E X ,  
C  R O O T  L E N G T H  D E N S I T Y ,  P O T E N T I A L  D R O P  A L O N G  T H E  R O O T  A X I S  A N D  R O O T - S O I L  
C  S Y S T E M  H Y D R A U L I C  C O N D U C T I V I T Y .  
C  
C  T R A N S I E N T  S O L U T I O N  0 . .  S T E A D Y  S O L U T I O N  O F  U P T A K E  T E R M  C A N  8 E  C H O S E N  B Y  
C  O P T I O N  
C  
ALAT=42. 
A = 1 2 . 0 5 + 0 . 0  0 3 1 3 * A L A T  
3 = 0 . 1 0 0 5 + A L A T - l . 1 2 4  
1 2 3 4  C O N T I N U E  
C  F I R S T  D A T A  C A R D  I S  N U M B E R  O F  D A T A  O F  L E A F  A R E A  I N D E X  
C  D A Y S  A F T E R  P L A N T I N G  W H E N  L E I F  I A E A  I N D E X  O B S E R V E D  A N D  L E A F  A R E A  I N D E X  
C  D A T A  F O L L O W  
R E A D  ( 5 , 1  1 1  D N U M C A D  
1 1 1 1  F O R M A T ( l 2 )  
I F ( N U M C A D . E Q . O ) S T O P  
R E A D  ( 5 .  I  1 1 2 )  ( N D L A K  I  ) , I  =  l . N U M C A O )  - - J  
1112 FORMAT(20I3) 
R E A D ( 5 , 1 1 1 3 ) ( X L A K I ) , 1 = 1 , N U M C A D )  
1 1 1 3  F O R M A T ! I 6 F 5 . 3 )  
T E M P S T ( 1 ) = 5 8 .  
T E M P S T ( 2 ) = 5 3 .  
T E M P S T ( 3 ) = 5 7 .  
T E M P S T ( 4 ) = 6 2 .  
T E M P S T ( 5 ) = 5 8 .  
T A P I = 0 . 3  
X X C 0 E F = 0 « 8 5  
C A L L  C O N V T M { T E M P S T , 5 )  
1 = 1  
C  
C  D A T A  F O R  S O I L  W A T E R  
C  
C  N U M B E R  G F  D E P T H  O F  S O I L  S A M P L I N G  F O R  S O I L  M O I S T U R E  D A T A  C A R D  
c 
1 
5  
3  
2 
7  
4  
9  
1 
1 
C  
C  
N N =  l  0  
R E A 0 { 5 . 5 ) N D A T e ( I  ) » M T R E A T  » ( T H E T A <  I , J ) , J  =  1 , N N ) » R T D E P (  I ) , N O A Y ( I )  
F O R M A T ( 1 6 . 1 3 . I X . 1 0 F 6 . 2 »  F 6 . 1 , I 4 )  
I F ( N O A Y ( I ) . G T . 3 6 7 ) G 0  T O  2  
D O  3  J = 1 , N N  
T H E T A ( I . J ) = T H E T A ( I , J ) / l O O .  
1  =  1 + 1  
G O  T O  1  1=1 
D O  7 0  L L = 1 . 1 0  
U P T A K E C L L ) = 0 .  
T H E T A l ( L L ) = T H E T A ( 1 , L L )  
R E A D ( 5 » 9 )  N N D A Y ( I ) , { R U T D E N ( I , J ) , J = l , l l )  
F O R M A T ( 1 3 , I X , l I F 6 . 3 )  
I F ( N N D A Y ( I ) . G T . 3 6 7 ) G 0  T O  1 4  
1 = 1 + 1 
G O  T O  4  H  
w K= 1 00 
N X 0 A Y = 5  
N N R U T = I - 1  
K K = K + 1  
I N D E X = N D A Y ( K K J - N O A Y ( K )  
S U M E S 2 = 0 .  
R A N 0 A Y = 2 8 .  
M F L A G = 1  
R E A D  C L I M A T O L O G I C A L  D A T A  T O  C A L C U L A T E  P O T E N T I A L  E V A P O R A T I O N  A N D  
S O I L  E V A P O R A T I O N  
C U M T A X = 0 .  
C U M U P = 0 .  
C U M T I N = 0 .  
C U M R S = 0 .  
C U M E S O = 0 .  
C U M P E T = 0 .  
C U R A I N = 0 .  
C U I N F L  =  0  .  
N N D E X = 0  
E F R A I N = 0 .  
W R I T E ( 6 , 1 2 )  
1 2  F O R M A T ( 1  H I , 5 X , « D A Y  « .  4 X , '  E S Q  ' , 6 X , '  R A I N  • » 5 X t '  T M A X  « , 5 X , «  T M I N  
•  ' , 5 X , '  R S  ' . 5 X , '  G S  ' , 5 X , «  P E T • , 7 X . • P A N E V • . 5 X , • P t o P O T • , 5 X , • E F R A I N • / / )  
+ A I N ' / / )  
C  
C  • • • • • • S T A R T  O F  S I M U L A T I O N  * * • • • • • *  
C  
0 0  2 0  M N = I , I N D E X  
W R I T E ( 6 , 1 1 )  
1 1  F O R M A T d H  , / / l H  • • • N E W  D A Y  • • •  • / / )  
I D A Y F L = 0  
T  =  0 .  
C  * * * * * * * * * *  R E A D  C L I M A T O U O G I C A L  D A T A  F O R  T H E  D A Y  • * • • • * • • * * » * •  
C  
R E A 0 ( 5 , 6 ) M D A Y . T M A X , T M I N , R A I N , W I N 0 , P A N E V » R S . ( T E M S O I ( I ) , I = 1 , 5 ) , R A ,  H  
1  N D A Y P L  ^  
6  F O R M A T ( I 5 , 2 F 5 . 1 , F 6 . 2 , F 8 . 2 , F 5 . 2 , F 7 . 1 , 5 F 4 . 1 , 1 I X , F 5 . I , 1 3 )  
P R I N T , « D A Y  A F T E R  P L A N T =  » ,  N D A Y P L  
P E T = P A N E V  
I F { M D A Y . E Q . O ) G O  T O  2 0  
I F ( M O A Y . E Q . 9 9 9 9 9 . A N O . R A , E Q . O , ) S T O P  
I F C M F L A G . E Q , I ) G 0  T O  1 3  
7  D O  0  1 = 1 , 5  
I F ( T E M S O I ( I ) . N E . G . ) G O  T O  3  
T E M S O I ( I > = T E M P S T ( I )  
T E M P S T d ) = T E M S O I ( I )  
8  C O N T I N U E  
1 3  C O N T I N U E  
C A L L  C O N V T M ( T E M S O I , 5 )  
M F L A G = 0  
C  
C  
c 1 
C A L L  S Û I L G S ( T H E T A l « G S . N O A Y P L )  
X D A Y = N O A Y P L  
I F ( R S . N E . O . ) G Q  T O  4 0  
R S = 0 . 7 * R A  
C  
40 TMEAN=<TMAXfTMIN)/2.0 
C A L L  C L A I ( X D A Y , M T R E A T , P L A M A X , P L A I , N U M C A D , N D L A  I , X L A I  )  
C  
C  C A L C U L A T E  R U N O F F  A N D  E F F E C T I V E  R A I N F A L L  U S I N G  T H E  K O H L E R ' S  M E T H O D  
C  
X D A Y = N D A Y P L  
A P 1 = T A P I  
I F ( R A I N . G T . 2 . 5 4 ) A P I = T A P I + R A I N / 2 . 0  
T A P I = ( R A I N + A P I ) * X X C O E F  
I F < R A I N . L E . 1 . 3 3 ) G 0  T O  4 5  
C A L L  E R U N F F ( R A I N . R U N O F F . E F R A I N , X D A Y , A P I )  
G O  T O  4 6  M  
4 5  E F R A I N = R A I N  O  
R U N 0 F F = 0 .  
4 6  C O N T I N U E  
I F C R A I N . N E . O . ) N X D A Y = 0  
I F C E F R A I N . G T . 0 « 5 ) N N D E X = N N D E X + l  
I F ( R A I N . £ Q . O . ) N X D A Y = N X D A Y + 1  
C  T H E  W A T E R  C O N T E N T  O F  T H E  S U R F A C E  S O I L  A S U M M E D  R A P I D L Y  D E C R E A S I N G  
X L A M 0 = 0 . 5  
S T H E T A = 0 . 2 4 5 / E X P ( X L A M D * N X D A Y )  + 0 . 0 4  
A L 3 E S = 0 . 3 5 - 0 . 2 * 5 T H E T A / 0 . 4  
I F ( W A I N . G T . I « 3 ) R A N D A Y = ( N D A Y P L ) » 1 . 0  
X L D A Y = N D A Y P L - R A N D A Y + 0 . 5  
P R I N T , ' X D A Y  A F T E R  R A I N = « .  X L O A Y  
S U M E S 2 = 0 . 4 * X L D A Y * * 0 . 5  
S U M E S l = 0 . 4 * ( X L D A Y + l . ) » » 0 . 5  
E S 2 = S U M E S 1 - S U M E S 2  
P R I N T , « £ 5 2 =  • , E S 2  
C A L L  S O I  L E V ( P L A  I . P L A M A X , A L B E S , E S Q )  
C  
C A L L  S U B P E T ( P E T )  
5 0  C U M T A X = C U M T A X 4 - T M A X  
C U M T I N = C U M T I N + T M I N  
C U M R S = C U M R S + R S  
C U M E S 0 = C U M H S 0 4 - E S 0  
C U M P E T = C U M P E T + P E T  
C U R A I N = C U R A I N + R A I N  
C U M G S = C U M G S + G S  
C U I N F L = C U I N F L + E F R A I N  
C A Y L E N = A + B * S I N (  (  5 6 < - N D A Y P L )  « 0  . 0  1  7 2  )  
H R A 0 = R S / 0 A Y L E N * 1 . 5 7 0 9 5  
P W P U T  =  3 . 2 0 2 3 + H R A D * ( 0 . 0 0 I 7 * H R A D - 0 . 2 3 0  I ) - 0 . 3 0 1 9 + T M A X  
C R W N P T = 3 . 2 0 2 3 - 0 . 3 0 1 9 * T M I N  
C U N C P Q = C U M C P O + C R W N P T  
W R I T E ( 6 , 2 1 ) M D A Y , E S Q , R A I N , T M A X , T W I N , R S , G S , P E T , P A N E V . P W P O T . E F R A I N , D A  
• Y L E N  H 
2 1  F O n M A T ( l H  , 5 X , 1 5 , 1 2 D 1 1 . 3 / )  H  
S W P A V = 0 .  
A D A Y = N D A Y P L  
D O  9 1  J = 1 , N N  
R T O E N ( J ) = 0 .  
D O  9 2  I = 1 , N N R U T  
9 2  X S O R T {  n= R U T O E N (  I ,  J )  
C A L L  E X T R P L t  A D A Y , Y . N N R U T . N N O A Y . X S O R T )  
5 4  
C  
C  
C  
0 0  5 4  1 = 1 , 5  
T E M P S T ( I  ) = T E M S O I ( I )  
C A L C U L A T E  W A T E R  M O V E M E N T  A N D  W A T E R  E X T R A C T I O N  
C  
I N T C T = 0 . 3 * I N D E X  
R F L A G = 0 .  
I F ( C U I N F L . G T , 1 , 3 0 . A N D . C U I N F L . G T . I N T C T  ) R F L A G = 1 .  
2 
R T O Ë N <  J ) = Y  
I F { Y . N E . 0 . ) « T O E P ( K ) = ( J - 1 ) * 3 0 «  
P R I N T , R T D E N ( J )  
9 1  C O N T I N U E  
L I M I T = R T D E P ( K ) / 3 0 + l  
A V e S O = E S O  
C A L L  D I F F U N { l 0 , T , T H E T A l . F L U X )  
D O  6 3  1 = 1 , L I M I T  
H O = X H ( I )  
I F ( X H { I > . L T . - 1 5 0 0 0 . ) H D = - 1 5 0 0  0 .  
S W P A V = S W P A V + H D * T H I C K { I ) / l 0 0 0 • / R T O E P { K )  
6 3  C O N T I N U E  
P L W P = P W P C T + 0 . 4 * 5 W P A V  
H D 2 = X H ( 2 )  
H 0 1 = X H ( 1 )  
I F ( X H ( l )  . L T . - 1 5 0 0 0 . ) H D 1 = - 1 5 0 0 0 .  
I F ( X H ( 2 ) . L T . - 1 5 0 0 0 . ) H 0 2 = - 1 5 0  0 0 .  
S W P 1 = { H D 1 + H D 2 ) / 2 0 0 0 .  M  
0  3  S J  
C P T 2 = - 1 . 7 3 1 7 + 0 . 5 9 1 8 * S W P A V + S W P 1 * 0 . l 9 9 1 - 0 . 0 9 8 + T M A X  
W R I T E ( 6 , 6 9 ) C P T 2  
6 9  F O R M A T d H  , « C P W P =  * . F 1 0 . 4 / )  
C  4  
6 6  C O N T I N U E  
T R A N S = 0 .  
C  6  
C  
C  7  
N = 1 0  
I F ( P L A I . L E . 3 . 0 . A N D . P L A I . G E . 0 • 1 ) E P = P E T # ( - 0 . 2 l + 0 . 7 «SQR T ( P L A  I ) )  
I F ( P L A I . G T . 3 . 0 } E P = P E T - E S O  
I F { P L A I . L T . O . l )  E P = P E T * P L A I  
C A L L  P L A N P O (  X H . T H E T A l  , P O T X L M , , R T D E N , L I  M I T . N ,  C P T 2  ,  E S O  ,  N O A Y P L  ,  T R A N S  ,  
*  E P , M T R E A T , X K )  
C A L L  M A C R O ( T H E T A l  , N )  
E X F L U X = ( U P T A K E ( 1 ) - E V + E F R 4 I N ) / 1 4 4 0 . / T H I C K ( 1 )  
P R I N T , '  E V  =  ' . E V . ' E S O  =  • , E S O . • E X F L U X  = ' , E X F L U X  
U P H I S E = ( X K ( 8 ) * X K ( 9 ) ) * * 0 . 5 * ( X H ( 8 ) - X H ( 9 ) ) / 3 0 , * 1 4 4 0  
C U M U P = C U M U P + U P R I S E  
P R I N T , ' C A P I L L A R Y  R I  S E ( C M / D A Y ) =  ' . U P R I S E , ' S U M  U P R I S E =  ' . C U M U P  
2 0  C O N T I N U E  
I F ( M D A Y . E Q . 9 9 9 9 9 ) S T O P  
K  =  K + 1  
S T O P  
E N D  
C  
S U B R O U T I N E  S U 3 P E T ( P E T )  
C  * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C O M M O N / C L A M A T / T M A X , T M l N , T M E A N . R S . R A , R B , G S  
C  
C  T H I S  S U B R O U T I N E  E S T I M A T E S  P O T E N T I T I A L  E V A P O T R A N S P I R A T I O N  U S I N G  
C  T H E  J E N S E N - H A I S E  M E T H O D  
% 
D A T A  E L E V , C 2 / 4 3 2 . , 7 . 6 /  L o  
E M A X = V A P O ( T M A X )  
e M I N = V A P O { T M I N )  
C H = 5 0 . 0 / ( E M A X - E M I N )  
C l = 3 8 . 0 - ( 2 « 0 * E L E V / 3  0 5 . 0 )  
C T = 1 . 0 / ( C 1 + C 2 * C H )  
T X = ( - 1 . 0 ) * 2 « 5 - 0 » 4 1 * ( E M A X - E M I N ) - E L E V / 5 5 0 . 0  
C  
P E T = C T * ( T M E A N - T X ) * R S * 0 . 0 1 7 1 5 / 1 0 .  
C  
R E T U R N  
E N D  
F U N C T I O N  V A P O ( T E M P )  
V A P 0 = 3 3 . 8 6 3 9 » ( ( 0 . 0 0 7 3 8 * T E M P + 0 . 8 0 7 2 ) * * 8 - 0 . 1 9 E - 4 + A B S ( 1 . 8 * T E M P + 4 8 . 0 ) +  
1  0 . 0 0 1 3 1 6 )  
C  
R E T U R N  
0 8 W * ( V i 3 G + 0 S M / S y * V H d n V ) = 0 b  
ez»o*vw=osw 
t * * ( ' E / 2 + N V 3 W l ) * V W 9 I S * N l I S d 3 = 0 8 y  
Z 0 ' 0 - ( 2 * * N V 3 W l * t - 3 / 2 ' / * ( Ï - ) ) d X 3 * Ï 9 2  * 0 = N T I S d 3  
C Z ' 0 = 0 0 3 8 1 V  
0 3  O i  O O  
xvwvnd/ivid*(S38iv-oanv)+S3Giv=oa38nv 
0 1  0 1  0 D ( X V K V l d ' 1 0 ' I Vn d ) 3 I  
( V 0 W V y * 2 Z 9 ' 0 ) / S 3 W d * d 3 = V W K V 5  
NV3W1+is'o-o•g6s=vawva 
( t - 3 E t P ' 0 - Z * * ( 2 A 0 8 ' 0 + N V 3 W l * 8 E / 0 0 ' 0 ) * t 0 6 S 0 " 0 ) * 6 E 9 9 " E E = V i l 3 0  
A 3 1 3 4 G S 0 T " 0 - 0 * E  X 0 1 = S 3 H d  
£*o=ocnv 
/tEE"0=yj303 
/ 8 l ' 0 ' Z Z * T ' g - 3 T Z ' l 1 * t Z ' 0 * 0 " 2 E t / V i 3 & ' V H d l V ' V W D I S * d 3 ' A 3 1 3  V I V G  
H 3 A 0 D  3 1 3 1 d W 0 D N I  H 0 3  
laaow S i S H D i i a  am d n i s o  N o i i v a o d V A g  n o s  s a i v w i i s s  K v « D o a d g n s  s i h i  
0 S 3 A V *A3/aCdVA3/ N 0 W W 0 D  
S9»a«*V«»Sa*NV3Wi*NIWi*XVWl/lVWVlD/N0WW03 
******************************************************************** 
(os3*s38iv'xvwvid' iv id)A3iios 3NIinoaons 
aN3 
Nanisa 
(  T V I X »  I V l O N ' O V D W n N '  I V l d '  A V Q X  )  " I d a  J . X  3  I I V D  
8 " t = X V W V l d(2Z"03'lV3aiW ' a 0"Z% 'OB'iVSaiW > = ) !  
z ' s = x v w v n d  (  i z ' 0 3 - i v 3 a i w a 0 *  1 1  • 0 3 * j L V 3 b i w )  j i  
(OVDWnN) I V I X * { O V D W r N )IVION N 0 I S N 3 W i a  
(  I v n x • I V 1 0 N  » Q V D K n N ' I V l d * X V W V l d ' l V 3 N i K ' A V O X ) I V 1 D  3 N I i n O a R O S  
O N 3  
R N O = ( I . 0 - A L B E O O ) » R S - R B - G S  
R N S = R N O * E X P ( ( - 1 ) * C U E F F * P L A I )  
E S O = { D E L T A / ( D E L T A + G A M M A ) ) * R N S * 0 . 0 1 7 1 5  / l O .  
R E T U R N  
E N D  
S U B R Q U T I N E  S O I L G S ( T H E T A , G S . N O A Y P L )  
* * * * * * * * * $ * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
D I M E N S I O N  T H E T A (  1 0 )  . T E M S O I ( 5 ) , T E M P S T ( 5 )  t B D (  1 0 ) . T H I C K ( 1 0 )  
C O M M O N / S O I L T M / T E M S O I , T E M P S T  
C Q M M Q N / B U L K D N / B D » T H I C K  
T H I S  S U B R O U T I N E  C A L C U L A T E S  S O I L  H E A T  F L U X  G S { L A N G L E Y / D A Y )  
C P S  ;  H E A T  C A P A C I T Y  O F  S O I L ,  0 . 6  C A L / C M 3  B U L K  S O I L  
C P W  ;  H E A T  C A P A C I T Y  O F  W A T E R .  1 . 0 C A L / C M 3  
D A T A  C P S t C P W / 0 . 6 . 1 . 0 /  
D I M E N S I O N  N 0 ( 9 ) . Y L ( 9 )  
D A T A  Y L / 7 . 9 , 7 . 9 , 8 . 3 , 8 . 3 , 7 . 8 , 3 . 6 , 2 . 7 , - 3 . 7 , - 5 . /  
D A T A  N D / 2 8 , 3 6 , 4 2 , 4 9 , 5 7 , 7 1 , 7 9 , 9 3 , 1 0 5 /  
M = 9  
X O A Y = N D A Y P L  
C A L L  E X T R P L ( X D A Y , G S , M , N D , Y L )  
D O  1 0  1 = 1 , 5  
I F d . G T . D G O  T O  3  
X = 0 .  5  
N = I  
G O  T O  5  
I F ( I  . E Q . 5 ) G 0  T O  4  
X = l .  
N = I - 1  
G O  T O  5  
N = 4  
X = 2 .  
C O N T I N U E  
G S = G S + ( T E M S O I ( I } - T E M P S T ( I ) ) * ( C P W • T H E T A ( I ) + C P 5 * B D ( I ) / 2 . 6 5 ) * T H I C K ( N )  
+  * X  
R E T U R N  
E N D  
S U B R O U T I N E  0 1 F F U N { N . T , Y , Y O O T )  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
D I M E N S I O N  Y ( N ) . Y O O T ( N ) • X H ( 1 0 ) , X K ( 1 0 ) , B D ( 1 0 > , T H I C K ( 1 0 ) , Z ( 1 0 >  
* .  U P T A K E * 1 0 )  
C O M M O N / R A I N F L / R A I N « E F R A I N  
C O M M O N / U P T K / U P T A K E  
C O M M O N / H Y O R O / X H ,  X K  
C O M M O N / E V A P O R / e v  » A V E S O  
C O M M O N / B U L K O N / B O . T H I C K  
C O M M O N / L E N O A Y / D A Y L E N  
C O M M O N / I D F L A G / I O A Y F L  
E V = A V E S O  
C A L L  E V A P O ( T , Y ( 1 ) )  
Z (  1  ) = 7 . 5 0 0  
Z ( 2 ) = 2 2 . 5 D 0  
D O  1  J J = 3 , 1 0  
Z ( J J  )  =  1 5 . 0 0 + 3 0 . 0 0 * ( J J - 2 )  
C A L L  X H Y D R O < y . N )  
D O  5  1 = 1 , N  
X H ( I ) = X H ( I > - Z ( I )  
X K 2 = 2 » 0 * X K ( 1 ) * X K ( 2 ) / ( X K ( 1 ) + X K ( 2 ) )  
X K 2 = ( X K ( 1 ) * X K ( 2 ) ) * * 0 « 5  
D E L Z 2 = 1 5 .  
E X F L U X = E F R A I N / 1 4 4 0 . / T H I C K ( 1 )  
I F ( I O A Y F L . N E . O ) E X F L U X = ( U P T A K E ( I ) - E V ) / T H I C K ( I ) / 7 2 0 . + E X F L U X  
Y O O T ( 1 ) = 1 . 0 0 0 / O E L Z 2 * ( - I . > » X K 2 » ( X H ( 1 ) - X H ( 2 ) ) / D E L Z 2  + E X F L U X  
L I M I T = N - l  
0 0  1 0  J = 2 , L I M I T  
X L l = T H I C K ( J - I ) / 2 .  
X L 2 = T H I C K ( J ) / 2 .  
X L 3 = T H I C K (  J+n / 2 . 0  
O E L Z  1  =  X L 1  +  X L 2  
D E L Z 2 = X L 2 + X L 3  
0 E U Z 3 = ( D E L Z l + 0 E L Z 2 ) / 2 «  
X K l = l O E L Z l / ( X L l / X K l J - l ) + X L 2 / X K ( J ) ) )  
X K 2 = ( 0 E L Z 2 / ( X L 2 / X K ( J ) + X L 3 / X K ( J + l ) ) )  
X K 1 = ( X K ( J - 1 ) * X K ( J ) ) » * 0 . 5  
X K 2 = ( X K ( J ) * X K ( J + 1 ) ) * * 0 . 5  
Y D O T t  J ) = l . 0 / D E L Z 3 » ( X K 1 * ( X H ( J - I ) - X H ( J )  ) / D E L Z l - X K 2 * ( X H ( J ) -
S X H ( J + 1 ) ) / 0 E L Z 2 )  
I F ( I O A Y F L . N E . O ) Y D O T ( J ) = Y O O T ( J ) + U P T A K E ( J ) / 7 2 0 . / T H I C K ( J )  
1 0  C O N T I N U E  
Y D O T ( 1 0 ) = 1 . 0 / 9 0 0 , » X K 2 * ( X H { 9 ) - X H { 1 0 ) ) * ( - 1 . )  
R E T U R N  
E N D  
C  
C  
C  
S U B R O U T I N E  X H Y O R O ( Y . N )  g  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ^  
C  F U N C T I O N A L  R E L A T I O N S H I P S  O F  H Y D R A U L I C  C O N D U C T I V I T Y  V S  W A T E R  C O N T E N T  
C  A N D  M A T R I C  P O T E N T I A L  V S  W A T E R  C O N T N E T  I S  N E C E S S A R Y  
D I M E N S I O N  Y ( N ) f X H ( 1 0 ) i X K { 1 0 )  ,  
D O U B L E  P R E C I S I O N  
*  A ( 9 ) , 8 ( 9 ) , C ( 9 ) . 0 ( 9 ) , E < 9 ) , F ( 9 ) , A A ( 9 ) , 8 8 ( 9 ) ,  A K ( 9 ) ,  
* B K ( 9 ) , C K ( 9 ) , D K ( 9 ) , X M I N ( 1 0 )  
C O M M O N / H Y D R O / X H , X K  
D A T A  A /  1 0 . 1 8 7 2 8 5 9 7 ,  1 8 . 9 5 1 6 3 8 1 3 ,  2 6 . 7 4 6 1 7 0 7 3 ,  
1  2 0 . 3 7 7 7 1 8 5 4 ,  2 3 . 7 0 8 5 7 2 3 5 .  2 3 . 0 8 6 8 6 4 6 5 .  
2  1 5 . 9 8 9 8 7 8 6 7 ,  1 4 . 6 6 6 3 2 4 9 4 ,  1 5 . 2 8 8 2 6 5 0 5 /  
D A T A  6 /  - 7 5 . 1 4 5 8 5 3 0 9 ,  - 3 3 4 . 6 8 3 3  7  4 8 ,  - 5 0  7 . 8 1 7 6 9 5 2 ,  
1  - 3 3 7 . 6 7 3 8 2 8 7 ,  - 4 2 4 . 9 8 5 3 3 3 6 ,  - 4 0 8 . 2 5 6 5 2 3 2 ,  
2  - 2 1 5 . 5 4 4 3 5 0 5 ,  - 2 1 3 . 9 2 3 4 4 5 2  , - 2 4 5 . 5 7 2 4 0 4 1 /  
D A T A  C /  2 4 4 . 4 2 8 1 5 3 2 ,  2 8 9 4 . 9 9 9 8 2 2 ,  4 3 2  3 . 5 4 4 4 2  7 6 ,  
1  2 6 6 0 . 3 2 3 7 5 7 ,  3 5 0 8 . 3 9 9 4 3 8  ,  3 3 0 8 . 6 1 3 6 4 1 ,  
2  1 4 4 3 . 5 7 0 6 5 5  ,  1 6 4 6 . 9 6 2 9 3 4  ,  2 0 2 5 . 0 6 2 6 4 4 /  
D A T A  D /  2 8 . 9 8 3 3 6 0 0 0 ,  - 1 2 4 9 9 . 2 1 2 4 1 1 ,  - 1 8 0 5 0 . 3 2 0 5 7 ,  
1  - 1 0 4 9 7 . 3 8 3 3 8 ,  - 1 4 3 5 7 . E 3 3 7 9  , - 1 3 2 6 3 . 2 1 2 9 7 ,  
2  - 4 8 3 5 . 4 5 8 3 8 7  , - 6 4 9 9 . 2 8 7 8 4  8  , - 8 4 0  7 . 9 5 9 0 0 8 /  
D A T A  E /  - 1 6 6 2 . 8 6 7 6 2 9  ,  2 6 2 6 0 . 7 0 5 4 8 ,  3 6 4 7 6 . 8 3 1 9 6 ,  
1  2 0 3 6 8 . 1 7 1 1 7 ,  2 8 6 9 8 . 1 9 6 4 1  ,  2 6 0 0 7 . 2 9 1 7 1 ,  
2  7 9 7 5 . 8 2 6 8 9 3 ,  1 2 7 7 5 . 2 5 1 2 0  ,  1 7 1 6 8 . 6 3 0 4 4 /  
D A T A  F /  2 1 9 3 . 5 8 0 1 7 8 ,  - 2 1 4 5 6 . 1 6 6 4 9 1 1 ,  - 2 8 5 8 5 . 6 6 1 3 8 6 ,  
1  - 1 5 5 2 8 . 9 0 3 4 9 ,  - 2 2 4 0 9 . 8 8 4 2  0 ,  - 1 9 9 6 4 . 1 5 8 9 4 ,  
2  - 5 2 5 4 . 9 5 3 1 6 6 ,  - 9 9 6 4 . 3 7 3 5 7 9  , - 1 3 7  7  1 . 9 4 8 3 2 /  
D A T A  A A /  8 . 2 2 8 0 6 5 0 0 , 8 . 2 2 6 5 7 D 0 , 8 , 3 0 6 7 2 0 0 , 8 . 2 8 7 8 3 0 0 . 8 . 2 6 8 9 4 D 0 ,  
I  8 . 3  1 3 0 9 4 D 0 »  8 . 0 6 6 5 1 8 5 0 0 , 8 . 1 7 8 9 0 6 0 0 , 8 . 2 8 1 6 4 9 0 0 /  
D A T A  8 B / - 3 1  . 4 9 8 8 5 D 0 ,  - 3 8 . 3 3 0 1 0 0 ,  - 3 8 . 4 3 3 0 0 0  .  - - 3 7 , 3 7 7 4 0 0 ,  - 3 7 . 3 2 1 8 0  
1 0 ,  - 3 8 . 6 2 0 4 2 0 0 »  - 3 3 . 3 2 8 7 0 0 0 ,  - 3 6 . 8 4 0 8 2  1 0 0 ,  - 4 0 . 0 1 5 2 5 0 0 /  
D A T A  X M I N  / O . 1 2 0 0 , 0 .  1 2 0 0 0 , 0 . 1 0 9 D 0 , 0 . 1 0 9 0 0 , 0 . 1 0 9 0 0 , 0 . 1 0 9 0 0 ,  
1 0 . 1 2  0 0 0 , 0 . 1 0 9 0 0 , 0 . 1 0 9 0 0 , 0 . 1 0 9 0 0 /  
D A T A  A K /  - 2 1 . 1 3 5 1 1 4 3 6 ,  - 2 0 . 5 7 8 8  3 7 2 8 ,  - 2 3 . 7  4 6 1 5 3 8 2 ,  - 2 4 . 3 0 7 0 3 4 6 6 ,  
1  - 2 4 . 8 6  7 9 1 5 4 9 ,  - 2 3 . 7 4 5 2  C O  7 5 ,  - 2 6 . 0 6 1 7 4 0 8 8 ,  - 1 5 . 0 4 0 6 1 7 4 1 .  
2  - 2 3 . 9 5 2 8 7 7 9 0 /  
D A T A  B K /  1 5 2 . 3 0 1 4 7 1 7 0 ,  1 5 6 . 8 3 2 3 3 2  2  0 ,  1 8 2 . 1 3 8 0 6 2 1 5 .  1 3 4 . 0 8 9 8 5 5 1 1 ,  
1  1 8 6 . 0 4 1 6 4 0 1 7 ,  1 8 3 . 1 2 8 7 1 5 6 7 ,  1 9 7 . 8 3 5 6 2 3 5 8 ,  4 8 . 9 5 9 8 0 2 4 5 ,  
2  1 2 8 . 5 0 7 5 4 9 9 9 /  
D A T A  C K /  - 4 9 7 . 2 6 1 9 0 9 2 2 , - 5 0 7 . 9 3 6 1 1 7 2 5 , - 5 7 5 . 0 2 3 9 4 5 9 7 ,  - 5 8 2 . 5 1 4 6 5 7 ,  
1  - 5 9 0 . 0 0 0 3 6 8 0 6 , - 5 9 6 . 8 5 9 1 9 0 5 3 , - 6 2 9 . 8 3 4 3 6 9 3 1 ,  - 5 7 . 0 9 7 2 9 1 2 3 ,  
2  - 2 9 4 . 0 6 3 9 0 5 8 1 /  
D A T A  D K /  6 0 9 . 7 6 6 8 1 8 0 5 ,  5 8 8 . 1 0 6 4 5 2 2 3 ,  6 6 0 . 3 2 7 4 2 6 6 9 ,  6 7 4 . 2 9 0 4 3 9 7 ,  
1  6 8 8 . 2 5 3 4 5 2 7 6 .  6 9 8 . 8 9 1 1 4 5 3 4 ,  7 2 9 . 1 1 6 4 5 9 8 1 ,  4 4 . 4 7 4 3 5 6 0 7 ,  
2  2 8 2 . 2 9 9 8 7 1 3 4 /  
O Q  1 0  1 = 1 , N  
K = I -  1  
I F ( I . E Q . 1 ) K = 1  
X K ( I ) = A K ( K ) + Y ( I ) • ( 0 K ( K ) + Y ( I ) « ( C K ( K ) + Y ( I ) * D K ( K ) ) )  
I F ( Y (  I  ) . L T . X M I N (  I )  ) G 0  T O  2 0  
X H (  I  ) = A (  K )  + Y (  1  ) • (  B {  K  ) + Y (  I  ) * (  C (  K  )  + Y  (  I  ) * (  0 { K  )  + Y (  I  )  • (  E (  K )  + Y (  I  ) * F  (  K )  )  )  
$ )  )  
G O  T O  3 0  
2 0  X H ( I ) = A A { K ) + Y ( I ) * B B ( K )  
3 0  C O N T I N U E  
1 0  C O N T I N U E  
0 0  4 0  1 = 1 , N  
X H ( I  )  =  ( -  1  . ) » 1 0 . 0 * * X H ( Ï )  
X K { I  )  =  1 0 . 0 * * X K ( I  »  
4 0  C O N T I N U E  
R E T U R N  
E N D  
S U B R O U T I N E  E R U N F F ( R A  I N . R U N O F F , E F R A I N . X D A Y , A P I )  
D I M E N S I O N  Y A X I S (  1  n  .  B R I  (  1 1  )  , N O U  1  )  . T A " 3 B R (  I  I  ,  1  0  )  ,  E T 3 K  (  4  )  ,  A T  B R  ( 6 6 )  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
D I M E N S I O N  N U M W K (  I  1 ) . F S ( 1 1 )  
E U U I V A L E N C E ( E T B R ( 1 ) , T A B B R ( 6 7 ) ) , ( A T 8 R ( 1 ) , T A B B R ( I ) )  
C  T H I S  P R O G R A M  E S T I M A T E S  R U N O F F  F R O M  T H E  F I E L D  W I T H  T O T A L  R A I N F A L L  
C  O F  T H E  D A Y  U S I N G  T H E  K O H L E R ' S  M E T H O D  
C  T H E  N E C E S S A R Y  D A T A  A R E  D A I L Y  T O T A L  P R E C I P I T A T I O N  F O R  C A L C U L A I N G  T H E  
C  A N T E C E D E N T  P R E C I P I T A T I O N  I N D E X  
C  
D A T A  Y A X I S / 0 . , 0 . 5 , 1 . 0 , 1 . 5 , 2 . 0 , 2 . 5 , 3 . 0 , 3 . 5 , 4 . 0 , 4 . 5 , 5 . 0 /  
D A T A  B R l / 4 . 1 6 , 3 . 2 5 , 2 . 7 0 , 2 . 6 1 , 1 . 9 7 . 1 . 7 3 , 1 . 5 5 , 1 . 3 9 , 1 . 2 8 , 1 . 1 7 , 1 . 0 6 /  
D A T A  F 3 / 0 . 2 2 , 0 . 2 2 , 0 . 3 6 , 0 . 5 8 , O . 9 2 , 1 . O , 1 . 0 , 0 . 9 , 0 . 5 8 , 0 . 3 6 , 0 . 3 0 /  
DATA NUMWK/5.10.15,20,25,30,35,40,45,50,52/ 
D A T A  A T B R / 0 . 2 4 , 0 . 3 1 * 0 . 4 1 , 0 . 4 3 . 0 . 4 4 , 0 . 4 4 , 0 . 4 5 , 0 . 4 5 , 0 . 4 6 , 0 . 4 6 , 0 . 4 6 ,  
2  0 . 3 9 « 0 . 5 4 , 0 . 6 8 , 0 . 7 7 , 0 . 8 5 , 0 . 9 0 , 0 . 9 4 , 0 . 9 5 ,  0 . 9 6 , 0 . 9 7 ,  0 . 9 7 .  
3  0 . 4 9 , O . 6 9 , 0 . 8 8 , 1 . 0 5 , I . 2 0 , 1 . 3 2 , 1 . 3 7 , I . 4 0 , 1 . 4 3 , 1 . 4 4 , 1 . 4 5 ,  
4  0 . 5 8 , 0 . 8 5 , 1 . 0 8 , 1 . 2 9 , 1 . 5 1 , 1 . 6 2 , 1 . 7 7 , 1 . 3 5 , I . 9 0 , 1 . 9 1 , 1 . 9 2 ,  
5  0 . 6 9 , 0 . 9 5 » 1 . 2 5 , I . 5 3 , 1 . 7 5 , 1 . 9 7 , 2 . 1 2 , 2 . 2 6 , 2 . 3 6 , 2 . 4 0 , 2 . 4 3 ,  
6  0 . r 2 ,1 .04 ,1 .37 ,1 .69 ,1 .97 ,2 .21 ,2 .43 ,2 .61 ,2 .75 ,2 .82 ,2 .89 /  
D A T A  E T B R /  0 . 7 4 , 1 . 1 2 , 1 . 4 8 , 1 . 8 2 , 2 . 1 4 , 2 . 4 3 , 2 . 6 9 , 2 . 8 0 , 3 . 0 9 , 3 . 2 1 , 3 . 3 0 ,  
8  0 . 7 7 , 1 . 2 0 , 1 . 5 9 , I . 9 5 , 2 . 3 1 , 2 . 6 5 , 2 . 9 4 , 3 . 1 9 , 3 . 4 2 , 3 . 6 0 , 3 . 7 0 ,  
9  0 . 7 9 , 1 . 2 3 , I . 6 7 , 2 . 0 5 , 2 . 4  5 , 2 . 8 2 , 3 . 1 4 , 3 . 4 3 , 3 . 6 8 , 3 . 9 0 , 4 . 0 5 ,  
1  0 . 8 1 , 1 . 2 6 , 1 . 7 5 , 2 . 1 5 , 2 . 5 9 , 2 . 9 8 , 3 . 3 4 , 3 . 6 6 , 3 . 9 4 , 4 . 2 0 , 4 . 3 9 /  
R A I N = R A I N / 2 . 5 4  
D O  1  1 = 1 , 1 1  
N D (  I  ) = Y A X I S (  I ) * 2 . 0  
R 2 = A P I * 2 .  
C A L L  E X T R P L ( R 2 . B R . I  I , N 0 , B R 1  )  
X W E E K = X D A Y / 7 . + 1 7 .  
C A L L  E X T R P L ( X W E E K , F S S i  I  I  , N U M W K , F S )  
0 R = 8 R * F 5 S  
I = R A i N / 0 , 5  
J = 0 R / O . 5 + 1  
8  =<aR - Y A X I S ( J ) ) / 0 . 5  
A = ( R A I N - Y A X I 5 ( I + l ) ) / 0 . 5  
11=1+1 
J 1 = J + 1  
E F R A I N = ( 4 . - 2 * ( A + B j + A * 8 ) * T A B B R ( J , I ) + A * B * T A B 8 R ( J 1 , 1 1 ) + A * T A 8 B R ( J , I 1 ) +  
$ 0 * T A 8 B R ( J l , r )  
E F R A I N = E F R A I N / 3 . * 2 . 5 4  
R A I N = R A I N * 2 . 5 4  
R U N O F F ^ R A I N - E F R A I N  
R E T U R N  
E N D  
S U B R O U T I N E  E V A P O t T . X )  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C O M M O N / E V A P O R / E V , A V E S O  
D O U B L E  P R E C I S I O N  A , B , C # 0 , E , F . X A , X B , X C , X O ,  D S K , P I , A A , B B  
D A T A  A , B . C  , D , E » F , X A #  X B , X C / 1 0 . 1 8 7 2 8 5 9 7 , - 7 5 . 1 4  5 8 3  3  0 9 , 2 4 4 . 4 2 8 1 5 3 2 ,  
1 2 8 . 9 8 3 3 6 0 0 0 , - 1 6 6 2 . 8 6 7 6 2 9 « 2 1 9 3 . 5 8 0  I  7 8 . - 2 1  . 1 3 5 1 1 4 3 6 , 1 5 2 . 3 0 1 4 7 1 7 0 ,  
2 - 4  9 7 . 2 6 1 9 0 9 2 2 /  
D A T A  X D / 6 0 9 . 7 6 6 8 1 8 0 5 /  
D A T A  D S K , P I / 3 0 . 0 0 0 , 3 . 1 4 1 5 9 2 6 5 4 /  
D A T A  A A , B B / 8 . 2 2 8 0 6 5 0 0 , - 3 1 . 4 8 8 8 5 0 0 /  
E V = A V E S O  
Z = 0 . 0 3 9  
X H O = A A + Z * B B  
Z=X 
IF(Z.LT.0.12DO)GO TO 1 0  
XHH=A+(Z*(B+Z*(C+Z*(D+Z*(E+Z+F))))) 
GO TO 2 0  
10 XHH=AA+Z * B 8  
20 CONTINUE 
THETA=(X+0.04)/2 
XK=XA+THETA*(XB+THETA*XC)+THETA**3*XD 
XH0=10.0D0**XH0 *(-1.0D0) 
XHH=10.0D0**XHH*(-1.000) 
X K = l 0 , O D O * * X K  
QUP=IXH0-XHH+7.5D0)*XK/7.5*(-1)*1440. 
IP(QUP«GT.EV>RETURN 
EV=QUP 
R E T U R N  
E N D  
C 
FUNCTION CRFACT(XDAY) 
DIMENSION NDAY(10)iFACT(10) 
DATA NOAY/ 7,15,30,45,60,75,90,105,120,135/ 
DATA FACT/0.30,0.30,0.32,0.49,0.80,1.0,1.05,1.05,0.80,0.60/ 
CALL eXTRPL(XDAY.CRFACT,10,NOAY,FACT) 
R E T U R N  
E N D  
C 
C 
SUBROUTINE PLANPOCPOTSOI,THETA,POTXLM,RD,LI MIT,NN,CRWNPT,ESO,MDAY, 
C ********************************************************************** 
$TRANS,PET, MTREAT,XK) 
01M E N S I O N  POTSOI(10),THETA(10).RD(11),0D(10),THICK{10),POTXLM{10) 
• ,XK( 10) 
COMMON/BULKDN/BD,THICK 
IF(MTREAT.EQ.21)XKS=(5.3069-0.0429+MDAY)•1.E-5 
IF(MTREAT.EQ.1 I)XKS=(4.8852-0.0211•MDAY)*1.E-S 
D 
aONllNOD I 
•0=(CI)I0S10d*10»10dHD)JI 
0»1=( DOVnd (2T0'0/G'0**f»t*(I)aa)/o» X)9onv/sttt*c**z=(i)SSA%MV 
1IWTT1 = I I OQ 
D 
I=0N3I 
1=8311 (1-)*NVyi3V / d 3*SXX=S%X 111 
f1-)*d3=NVyi3V 
•o=ndxx 
d3=Hld 
*o=(rr)3xvidn ii 
oi'T=rr Ti DO 
"oawnssv o 
CJ SV* NOriVyXrfSNVMi WD/SMB 290-0 "33NViSIS3y nvixY woj Noiivnoa Sl3T»Tn3S10d D 
H ON V  GINONVNV S  «WHO R»Nisn NOI  jvHidSNv«i IVNISV saivwixsa wvMooad SIHI  D 
axvidn/xidn/NowwoD 
(OT )>»x* (01 )Xtf* (0Ï )VW NOISNSWia 
(CÎ )n*tOI >MON* (0%)%S'(01)DVlj*f01)SSAXyV • (IMNllOSiOd* 
•(NN)WlX10d* C I 1  )0« N0;SN3WI0 
(OT )O0« (NN)vi3Hi* (on>tDiHi* (onaNvidn NOISNSWIO 
* * * * * * * * * * *  I V I l N d l O d  W 3 U X  D N  1  I V i n J " | V J  3 N  1  inUdflOS***** J  
3 
<%x*s>x'wnxiOd*da* 
************************************************************************ 3 
•NN* JOctMD* xiwn* IOSiOd'%3IHi 'Od'OG * V13H1 ' 0S3 *« Id ) VHlVld 3N11008005 
0N3 
N8013H 
(%X*S%X*hlX10d* 
•d3»NN* lOdMD* 1 I WTI* l0S10d«»DIHX*aH»a9 " V13HX •C)S3*SNV«1 )VyiVld mV3 
ldN«aD=10dHD 
loN*M3*8•O^lOdHD 
9-A*f *(AVOW*S9S0"0-FST'9)=S%X(12'3N'1V3M1W*CNV•IT*3^•IV3yiW) 
c  
1 0  C O N T I N U E  
C 
C  
•O 3 1 = 1 .LIMIT 
S K (  I  ) = T H E T A (  I  ) / (  l. - B O (  n/ 2 . 6  5 ) » X K S  
N O R (  I ) = R D ( I ) * 5 0 0 .  +  l  
I F ( R 0 ( I  ) . G E . 0 . 2 ) N O R {  l  )  =  l 0 0  
3  C O N T I N U E  
A C T R 1 = 0 .  
U ( 1 ) = P T R  
U O L D = U ( 1 )  
0 L 0 A C T = - 0 . 5  
* R I T E ( 6 , 3 0 1 )  
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3 0  C O N T I N U E  M  
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P X Y L M = C R P O T * 1 0 0 0 .  
A C T R A N = 0 .  
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4  C O N T I N U E  
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C ************************************************************************ 
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X. APPENDIX B: COEFFICIENTS OF THE POLYNOMIAL EQUATIONS 
Table Bl. Coefficients of the polynomial equation (32) 
Depth A B C D E F 
(cm) (x 10-1) (x 10-2) (x 10-3) (x 10-4) (x 10-5) (x 10-5) 
15 1.018728% -0.751458 0.244428 0.002898 -0.166287 0.219358 
0.822806^ -0.314889 
45 1.895164% -3.346834 2.894999 -1.249922 2.626071 -2.145617 
0.822657^  -0.383301 
75 2,674617® -5.078177 4.323544 -1.805032 3.647682 -2.858567 
0.830672^  -0.384330 
105 2.077719* -3.376738 2.660324 -1.049738 2.036817 -1.552890 
0.828783^  -0.378774 
135 2.508572* -4.249853 3.508399 -1.435755 2.869820 -2.240988 
0.826894^  -0.373218 
165 2.308686* -4.083565 3.308614 -1.326321 2.600729 -1.996416 
0.831309^  -0.386204 
195 1.598987* -2.155444 1.443571 -0.483536 0.797683 -0.525495 
0.806665^  00.333287 
225 1.466632* -2.139234 1.646963 -0.649929 1.277525 -0.996437 
0.817891^  -0.368408 
255 1.528826* -2.455724 2.025063 -0.840787 1.716863 -1.377195 
0.828865^  -0.400152 
F^or water content Q z 0.10. 
F^or water content 0 < 0.10. 
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Table B2. Coefficients of the polynomial equation (33) 
A B C  D  (cm) 
15 -21.1351 152.3015 -497.2619 609.7668 
45 -20.5788 156.8323 -507.9361 588.1064 
75 -23.7346 182.1382 -575.0289 660.3274 
105 -24.3070 184.0899 -582.5146 674.2904 
135 -24.8679 186.0416 -590.0004 688.2534 
165 -23.7452 183.1287 -596.8591 698.8911 
195 -26.0627 197.8356 -629.8343 729.1165 
225 -15.0406 48.9598 - 57.0973 44.4743 
255 -23.9528 128.5075 -294.0639 282.2998 
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XI. APPENDIX C: WATER CONTENT DATA COLLECTED IN 
1975 AND 1976 
163 
3 3 Table Cl. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
June 12, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 24.77 25.80 25.67 25.03 25.54 25.41 
15- 30 23.74 24.77 25.28 25.16 24.51 24.64 
30- 60 20.90 21.61 22.33 22.21 21.13 21.61 
60- 90 22.46 22.46 22.71 22.96 23.83 22.83 
90-120 22.54 22.05 22.05 21.56 22.30 22.05 
120-150 22. 77 21.89 22.64 21.89 22.27 22.27 
150-180 20.53 20.65 20.90 21.02 20.90 20.77 
100-cm row width 
0- 15 26.32 24.90 24.64 24.25 26.19 25.28 
15- 30 24.64 24.12 23.35 25.28 24.38 24.38 
30- 60 21.61 21.37 22.45 21.85 22.45 21.97 
60- 90 22.83 22.09 23.08 22.59 22.83 22.71 
90-120 22.66 21.93 21.93 21.93 21.93 22.05 
120-150 22.02 21.40 21.15 20.65 21.40 21.27 
150-180 20.77 20.40 20.28 20.15 19.66 20.28 
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3 3 Table C2. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on June 17, 1975 (M = Middle, R = Row) 
M R M R M X depth 
cm percent 
25-cm row width 
0- 15 22.70 22.06 24.51 24.64 25.41 23.87 
15- 30 21.93 24.64 25.03 24.38 23.87 23.99 
30- 60 21.13 24.60 23.28 22.45 20.54 22.45 
60- 90 21.84 23.45 24.32 23.70 24.70 23.58 
90-120 21.19 22.42 21.93 22.66 22.05 22.05 
120-150 22.02 22.52 22.14 20.40 22.02 21.77 
150-180 20.03 21.89 22.27 21.27 23.26 21.77 
100-cm row width 
0- 15 23.22 24.51 24.77 25.41 24.51 24.51 
15- 30 25.54 24.51 25.03 25.16 24.64 25.03 
30- 60 21.85 21.37 22.33 23.52 21.85 22.21 
60- 90 22.59 22.34 23.33 23.95 24.94 23.45 
90-120 21.56 22.42 22.17 23.64 23.52 22.66 
120-150 22.64 20.65 21.77 21.65 21.40 21.65 
150-180 21.15 20.65 21.77 22.14 23.14 21.77 
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Table C3. Soil water contents (cm /cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Researcn Center 
on June 26, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 23.61 24.12 25.28 24.77 22.45 23-98 
15- 30 25.54 25.80 26.83 25.54 25.54 25.80 
30-60 24.24 24.60 23.52 22.45 22.21 23.40 
60-90 24.32 22.09 22.96 23.33 — — 23.21 
90-120 22.66 23.28 22.91 23.15 23.79 22.91 
120-150 23.64 23.76 23.14 23.39 22.64 23.26 
150-180 21.77 21.89 21.65 21.15 21.89 21.65 
100-cm row width 
0- 15 23.99 24.77 24.51 23.87 25.54 24.51 
15- 30 24.51 24.25 25.28 23.99 24.90 24.64 
30- 60 23.28 22.69 22.92 22.81 23.04 22.92 
60- 90 30.40 24.94 24.32 24.82 25.32 25.94 
90-120 24.99 25.73 25.36 24.38 24.99 25.11 
120-150 25.00 24.76 24.88 23.88 24.63 24.63 
150-180 23.51 24.38 25.00 24.26 25.38 24.51 
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3 3 Table C4. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 5, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 9.80 10.97 11.74 11.87 11.48 11.22 
15- 30 12.77 12.13 12.00 12.38 11.35 12.13 
30- 60 14.09 14.33 16.00 15.28 16.24 15.16 
60- 90 18.86 19.93 20.35 18.99 19.73 19.48 
90-120 21.07 20.95 20.95 20.95 21.44 21.07 
120-150 22.77 21.77 22.39 22.77 21.77 22.27 
150-180 21.27 22.27 21.65 21.65 22.89 21.89 
100-cm row width 
0- 15 17.29 14.84 17.29 15.22 18.32 16.64 
15- 30 21.03 19.22 18.32 16.25 19.22 18.83 
30- 60 19.94 18.63 19.58 17.43 18.51 18.51 
60- 90 23.83 23.45 21.22 22.09 21.59 22.46 
90-120 23.03 23.77 22.66 22.79 22.66 23.03 
120-150 23.26 22.52 21.65 23.26 23.64 22.89 
150-180 23.88 23.39 23.01 22.89 21.77 23.01 
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Table C5. Soil water contents (cm /cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 11, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cin row width 
0- 15 12.77 12.13 11.61 13.16 13.16 12.51 
15- 30 12.38 12. 77 13.16 12.38 12.77 12.64 
30- 60 11.82 13.97 12.90 12.54 11.34 12.54 
60- 90 18.99 17.87 20.23 17.75 15.64 18.12 
90-120 20.09 22.05 21.32 20.83 ~ 20.46 20.95 
120-150 20.03 23.51 22.77 20.90 22.39 21.89 
150-180 20.28 22.77 23.39 21.89 22.64 22.14 
100-cm row width 
0- 15 12.51 14.71 13.93 16.51 13.42 14.19 
15- 30 14.96 14.19 13.80 16.90 15.09 14.96 
30- 60 15.28 16.12 15.04 13.97 15.76 15.28 
60- 90 22.21 20.60 22.09 18.86 20.23 20.85 
90-120 22.30 22.54 22.66 22.42 22.30 22.42 
120-150 22.27 23.64 21.40 22.64 22.02 22.39 
150-180 22.27 22.64 23.01 22.52 21.15 22.27 
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Table C6. Soil water contents (cm^/cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 24, 1975 (M = Middle, R = Row) 
Soil 
depth M R M M 
cm percent 
25-cm row width 
0- 15 21.41 21.03 22.32 22.19 22.83 21.93 
15- 30 12.38 14.96 13.42 12.51 13.80 13.42 
30- 60 11.94 11.10 11.82 11.46 11.22 11.46 
60- 90 12.41 11.04 11.42 11.42 12.29 11.87 
90-120 17.52 13.11 16.42 17.03 15.80 15.93 
120-150 19.66 20.40 20.15 20.90 20.90 20.40 
150-180 19.90 19.28 19.53 22.94 21.65 20.65 
100-cm row width 
0- 15 23.87 20.12 23.87 25.28 25.54 23.74 
15- 30 13.67 13.16 15.22 16.00 15.87 13.84 
30- 60 11.70 12.42 13.25 15.64 12.89 13.13 
60- 90 12.04 12.04 12.66 12.16 13.78 12.53 
90-120 19.36 15.56 16.17 13.23 16.54 16.17 
120-150 19.78 20.53 20.90 20.28 20.53 20.40 
150-180 21.65 21.52 21.65 21.65 20.53 21.40 
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Table CI. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
August 6, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M 
cm percent 
25-cm row width 
0- 15 12.77 12.26 12.51 12.00 12.13 12.38 
15- 30 11.87 12,00 11.74 11.09 10.19 11.35 
30- 60 10.27 9.91 9.79 9.43 9.19 9.67 
60- 90 10.18 10.55 10.30 9.93 9.68 10.18 
90-120 12.37 11.03 11.64 11.27 11.39 11.52 
120-150 14.43 13.56 13.44 12.07 13.81 13.44 
150-180 16.42 16.42 17.29 16.17 17.04 16.67 
100-cm row width 
0- 15 14.45 14.84 16.38 14.06 13.67 14.71 
15- 30 18.32 14.45 14.58 12.77 13.29 14.71 
30- 60 12.30 13.01 12.42 11.82 12.06 12.30 
60- 90 12.23 11.79 11.91 11.29 10.80 11.67 
90-120 11.27 11.15 11.03 13.11 11.03 11.52 
120-150 15.92 15.55 15.18 14.55 15.55 15.30 
150-180 20.28 18.78 20.28 18.78 19.16 19.41 
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Table C8. Soil water contents (cm^/cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 12, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M 
cm percent 
25-cm row width 
0- 15 12.13 11.61 11.35 10.97 11.09 11.48 
15- 30 11.22 9.93 9.80 10.19 9.80 10.19 
30- 60 9.07 9.43 9.79 9-55 9.43 9.43 
60- 90 9.31 9.18 11.67 11.54 11.29 10.55 
90-120 10.17 10.05 10.17 10.17 10.05 10.17 
120-150 10.95 11.44 11.07 10.82 10.57 10.95 
150-180 12.69 14.18 14.93 15.18 13.56 14.06 
180-210 14.11 16.49 17.86 18.11 17.74 16.88 
lOO-cm row width 
0- 15 11.48 12.90 12,90 13.16 15.09 13.16 
15- 30 11.74 12.26 12.51 12.38 12.77 12.38 
30- 60 10.75 11.70 10.75 10.98 10.75 10.98 
60- 90 11.17 10.67 10.80 10.55 10.55 10.80 
90-120 11.03 12.37 12.01 12.01 11.27 11.76 
120-150 11.69 12.81 13.93 13-56 13.06 13.06 
150-180 15.43 16.79 18.04 17.79 17.54 17-17 
180-210 19.23 18.74 19.23 19-48 19.11 19-11 
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Table C9. Soil water contents (cm^/cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 19, 1975 (M = middle, R = Row) 
Soil 
depth M R M R M 
cm percent 
25-cm row width 
0- 15 25.54 21.67 24.90 19.09 22.96 22.83 
15- 30 12.90 10.19 12.77 10.06 13.93 12.00 
30- 60 9.67 10.98 9.43 9.55 10.51 10.03 
60- 90 10.05 11.17 11.67 11.04 10.55 10.92 
90-120 12.13 10.17 10.78 10.29 12.13 11.15 
120-150 10.95 10.45 10.57 10.33 11.57 10.82 
150-180 11.20 13.81 13.19 15.80 13.56 
180-210 19.73 19.23 17.49 18.11 18.24 18.61 
lOO-cm row width 
0- 15 24.64 26.57 23.74 29.15 21.41 25.15 
15- 30 14.32 14.71 13.03 22.70 12.90 15.48 
30- 60 12.42 10.98 10.87 13.37 10.75 11.70 
60- 90 11.04 10.67 10.42 11.04 11.17 10.92 
90-120 10.17 9.80 10.41 9.80 9.56 9.92 
120-150 10.57 10.95 11.44 11.44 11.44 11.20 
150-180 16.92 14.43 15.55 14.93 13.56 15.05 
180-210 17.74 17.86 18.98 17.86 16.49 17.74 
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3 3 Table CIO. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 25, 1975 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 13.29 13.29 14.06 13.55 13.80 13.55 
15- 30 11.48 10.32 10.84 11.35 12.90 11.35 
30- 60 9.43 9.79 9.91 9.67 10.03 9.79 
60- 90 11.29 11.29 9.18 10.18 9.80 10.30 
90-120 10.78 12.13 11.15 10.90 11.15 11.27 
120-150 10.95 10.33 11.69 10.95 10.95 10.95 
150-180 13.44 12.69 14.43 12.69 12.94 13.19 
180-210 17.74 19.48 20.61 17.11 17.36 18.49 
100-cm row width 
0- 15 16.13 14.58 14.45 16.00 15.09 15.22 
15- 30 13.03 14.96 13.29 14.32 14.08 13.93 
30- 60 10.87 12.54 11.94 12.90 11.22 11.94 
60- 90 11.54 11.91 11.54 11.04 11.29 11.42 
90-120 10.79 9.56 9.92 9.92 9.92 10.05 
120-150 12.07 11.07 10.33 11.32 10.20 10.70 
150-180 13.06 12.81 13.68 15-05 13.40 13.56 
180-210 14.99 14.11 14.99 16.86 15.11 15.24 
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3 3 Table Cil. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on September 24, 1975 (M = Middle, R = Row) 
Soil M M R R M X depth 
cm percent 
25-cm row width 
0- 15 19.61 20.12 21.67 20.77 21.80 20.77 
15- 30 12.38 13.16 12.64 13.80 13.42 13.03 
30- 60 9.79 9. 79 10.39 10.27 10.03 10.03 
60- 90 11.79 10.55 10.67 9.80 10.42 10.67 
90-120 11.27 11.03 13.48 10.54 11.76 11.64 
120-150 11.69 11.32 11.20 11.69 10.82 11.32 
150-180 12.69 14.55 13.93 13.68 13.31 13.68 
180-210 18.24 18.98 19.23 17.99 17.86 18.49 
lOO-cm row width 
0- 15 17.54 16.25 17.29 19.35 18.83 17.80 
15- 30 13.93 15.09 15.09 14.84 14.32 14.71 
30- 60 12.30 11.82 11.34 11.10 10.87 11.70 
60- 90 10.55 11.04 10.67 10.42 10.30 10.55 
90-120 10.05 10.29 9.92 10.54 10.66 10.29 
120-150 11.69 11.82 11.69 11.69 11.20 11.57 
150-180 13.06 13.06 12.44 11.20 12.19 12.44 
180-210 16.24 16.99 14.74 16.36 16.36 16.11 
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Table C12- Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on June 23, 1976 (M = Middle, R = Row) 
Soil 
depth M M R M 
cm percent 
25-cm row width 
0- 15 11.61 12.77 13.03 15.48 14.58 13.55 
15- 3D 17.29 17.67 18.45 19.87 19.35 18.58 
30- 60 19.10 18.27 18.15 19.70 21.37 19.34 
60- 90 21.22 19.98 21.22 20.48 24.69 21.47 
90-120 20.34 19.60 21.07 22.42 24.75 21.68 
120-150 19.78 21.52 20.28 23.51 23.76 21.02 
150-180 16.05 15.43 16.05 22.14 21.77 18.29 
180-210 16.49 16.61 17.24 23.36 23.86 19.36 
100-cm row width 
0- 15 18.45 17.29 20.12 14.96 20.12 18.19 
15- 30 21.54 19.74 19.35 20.12 22.32 20.64 
30- 60 21.49 18.98 18.39 18.51 19.46 19.34 
60- 90 23.83 22.34 21.35 19.86 20.60 21.59 
90-120 22.91 22.17 22.91 17.97 20.98 21.81 
120-150 21.77 20.28 20.65 19.53 19.90 20.40 
150-180 20.53 19.53 20.03 17.04 16.92 18.78 
180-210 21.48 18.24 21.23 17.24 16.49 18.98 
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Table C13. Soil water contents (cm /cm^ x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on June 30, 1976 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 15.61 12.13 12.26 12.26 13.42 13.16 
15- 30 16.13 14.96 17.42 14.71 15.97 15.97 
30- 60 15.64 18.39 15.99 16.60 18.39 16.95 
60- 90 20.97 18.12 19.24 19.48 22.09 19.98 
90-120 19.60 20.21 19.11 22.05 22.05 20.58 
120-150 19.41 19.16 18.41 24.41 22.64 20.77 
150-180 17,54 17.79 15.80 23.39 20.65 18.91 
180-210 16.99 17.36 17.36 22.61 21.73 19.23 
100-cm row width 
0- 15 17.33 14.96 19.87 13.80 19.99 17.29 
15- 30 20.38 17.17 19.22 18.83 22.06 19.48 
30- 60 18.87 18.39 19.34 15.88 19.34 18.39 
60- 90 19.98 21.97 21.35 19.61 20.85 20.72 
90-120 21.68 22.42 22.54 19.48 20.34 21.32 
120-150 22.52 21.15 22.27 18.29 20.03 20.90 
150-180 21.52 20.03 21.27 15.30 18.16 19.41 
180-210 22.48 19.48 20. 98 16.36 17.36 19.36 
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Table C14. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 8, 1976 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 10.32 9.42 9.16 11.22 11.22 10.27 
15- 30 12.90 11.87 13.80 14.19 10.71 12.69 
30- 60 12.08 10.75 12.42 12.54 12.42 12.04 
60- 90 12.91 12.91 14.64 16.01 16.26 14.54 
90-120 16.29 16.66 16.29 19.72 20.09 17.81 
120-150 17.66 16.79 18.41 20.28 22.27 19.08 
150-180 14.80 15.67 17.04 19.66 21.27 17.69 
180-210 15.86 16.24 16.99 20.98 20.98 18.21 
100-cm row width 
0- 15 16.25 13-03 15.99 12.13 16.89 14.86 
15- 30 17.80 15.87 16.89 16.13 16.89 16.72 
30- 60 17.07 16.12 18.15 15.16 19.10 17.12 
60- 90 19.36 19.73 18.86 18.99 19.98 19.38 
90-120 19.11 19.72 20.34 19.97 19.72 19.77 
120-150 19.53 18.78 19.66 17.91 20.77 19.33 
150-180 20.90 19.41 20.65 16.67 18.41 19.21 
180-210 21.23 18.74 20.36 17.74 18.11 19.23 
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Table C15. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 13, 1976 (M = Middle, R = Row) 
Soil 
depth M R M M X 
cm percent 
25-cm row width 
0- 15 7.22 8.13 7.87 7.61 8.39 7.87 
15- 30 11.22 9.80 11.35 10.45 11.35 10.84 
30- 60 11.22 9.79 8.96 9.91 9.19 9.79 
60- 90 9.93 10.42 10.05 11.79 11.04 10.67 
90-120 10.05 11.64 15.19 12.74 14.82 12.86 
120-150 16.30 13.93 16.92 17.66 20.65 17.04 
150-180 15.55 14.55 15.30 16.30 21.15 16.55 
180-210 14.86 15.49 16.36 16.36 21.73 16.99 
100-cm row width 
0- 15 13.29 10.06 10.71 11.22 9.80 10.97 
15- 30 10.45 10.97 13.80 12.90 14.58 12.51 
30- 60 14.09 11.94 14.69 11.46 13.85 13.25 
60- 90 16.88 16.75 18.86 16.26 16.63 17.13 
90-120 20.09 16.78 17.64 14.82 18.74 17.64 
120-150 19.28 17.66 18.16 17.54 20.53 18.66 
150-180 19.78 18.54 20.03 14.68 18.78 18.41 
180-210 20.23 19.23 20.36 16.86 18.98 19.11 
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Table C16. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 20, 1976 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 6.90 7.35 9.29 9.93 9.29 8.95 
15- 30 9.93 9.80 10.19 10.84 10.71 10.55 
30- 60 9.31 9.07 8.98 10.03 9.19 9.12 
60- 90 11.29 10.30 10.55 11.29 10.92 10.87 
90-120 14.46 11.15 10.66 12.37 12.86 12.30 
120-150 16.67 14.68 15.30 18.29 18.16 16.62 
150-180 15.80 14.43 16.42 19.53 19.16 17.07 
180-210 16.86 14.11 16.74 20.98 20.98 17.94 
100-cm row width 
0- 15 7.99 8.51 12.51 10.58 12.13 10.35 
15- 30 10.45 9.93 11.99 11.35 14.19 11.58 
30- 60 10.63 10.87 10.39 10.87 13.38 11.22 
60- 90 13.03 12.04 13.53 13.03 15.26 13.38 
90-120 16.29 14.46 17.76 15.31 17.40 16.24 
120-150 18.91 16.92 18.16 17.29 17.79 17.81 
130-180 18.54 17.66 18.41 15.30 18.16 17.62 
180-210 20.98 18.11 16.49 17.11 17.86 18.11 
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Table C17- Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on July 27, 1976 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 8.51 8.26 8.51 7.74 7.99 8.20 
15- 30 9.68 9.68 10.19 11.22 9.80 10.11 
30- 60 9.55 9.55 9.67 8.96 10.15 9.58 
60- 90 12.16 10.42 10.67 10.05 11.04 10.87 
90-120 11.15 11.88 11.52 11.39 11.52 11.49 
120-150 15.30 14.68 13.93 13.68 15.55 14.63 
150-180 16.55 16.55 15.43 16.42 17.17 16.42 
180-210 16.74 15.86 16.86 16.36 17.49 16.66 
100-cm row width 
0- 15 8.39 9.93 8.39 9.80 9.42 9.18 
15- 30 10.58 11.61 10.97 10.19 10.97 10.86 
30- 60 10.15 10.75 9.79 9.91 10.63 10.24 
60- 90 11.42 12.91 11.67 10.18 11.79 11.59 
90-120 12.13 14.58 13.60 12.62 14.58 13.50 
120-150 16.79 16.05 16.17 15.05 16.55 16.12 
150-180 18.78 16.67 14.68 17.04 17.17 16.87 
180-210 19.73 17.99 16.99 17.11 16.86 17.74 
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3 3 Table CIS. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 9, 1976 (M = Middle, R = Row) 
M R M R M depth 
cm percent 
25-cm row width 
0- 15 9.55 8.51 8.51 9.29 9.55 9.09 
15- 30 10.71 10.97 10.45 10.71 9.80 10.53 
30- 60 9.67 9.79 9.79 9.67 9.43 9.67 
60- 90 9.93 10.30 10.05 9.80 9.80 9.98 
90-120 10.29 10.29 10.29 10.41 10.05 10.27 
120-150 11.20 10.45 10.82 10.82 11.07 10.87 
150-180 13.56 11.20 13.31 12.19 13.44 12.74 
180-210 16.61 14.49 15.74 14.36 15.86 15.41 
100-cm row width 
0- 15 9.18 10.32 9.55 10.84 8.77 8.73 
15- 30 10.32 9.80 10.45 10.45 11.61 10.53 
30- 60 9.67 10.51 10.63 9.79 10.87 10.29 
60- 90 10.55 11.79 11.17 11.17 11.67 11.27 
90-120 10.78 12.13 11.39 10.41 12.13 11.37 
120-150 11.82 11.44 12.81 12.44 14.80 12.66 
150-180 16.67 15.05 14.68 14.80 16.17 15.48 
180-210 17.74 18.36 16.86 15.49 16.24 16.94 
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3 3 Table C19. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 23, 1976 (M = Middle, R = Row) 
Soil 
M M R R M X depth 
cm percent 
25-cm row width 
0- 15 8.39 8.39 9.55 9.93 8.39 8.93 
15- 30 10.58 9.29 10.19 10.97 10.06 10.22 
30- 60 9.43 9.43 9.31 8.36 10.03 9.31 
60- 90 9.43 10.67 10.30 10.42 9.80 10.13 
90-120 9.43 10.29 10.54 10.54 10.29 10.22 
120-150 10.08 10.95 10.20 10.57 9.95 10.35 
150-180 10.95 10.57 12.69 11.07 12.44 11.54 
180-210 14.36 14.86 16.86 15.74 15.86 15.54 
100-cm row width 
0- 15 8.64 10.06 7.99 7.99 7.22 8.39 
15- 30 10.45 9.68 10.19 8.51 10.06 9. 79 
30- 60 10.39 10.39 9.19 8.84 9.31 9.62 
60- 90 10.67 10.92 10.18 9.18 9.68 10.13 
90-120 10.29 10.05 9.43 9.92 9.92 9.92 
120-150 10.33 11.32 9.33 9.70 9.95 10.13 
150-180 11.82 11.20 9.58 10.33 11.44 10.87 
180-210 16.24 16.11 12.49 13.24 14.99 14.61 
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Table C20. Soil water contents (cm /cm x 100) as a function of soil 
depth and row spacing at the Western Iowa Research Center 
on August 30, 1976 (M = Middle, R = Row) 
Soil 
depth M R M R M X 
cm percent 
25-cm row width 
0- 15 6.84 7.87 7.48 6.84 8.51 7.48 
15- 30 10.32 9.55 9.29 8.26 9.42 9.42 
30- 60 8.36 8.48 9.31 8.48 8.72 8.72 
60- 90 9.31 10.05 9.18 9.18 9.43 9.43 
90-120 9.43 10.05 9,43 9.07 10.54 8.68 
120-150 9.45 9.95 10.08 9.70 9.08 9.70 
150-180 10.57 10.70 8.96 10.08 9.21 9.95 
180-210 15.61 16.24 10.74 11.99 14.11 13.74 
210-240 18.72 19.22 15.00 15.50 16.37 16.99 
100-cm row width 
0- 15 7.61 9.29 7.61 8.64 7.22 8.13 
15- 30 9.68 9.16 8.64 9.03 9.16 9.16 
30- 60 9.07 9.07 9.31 9.07 8.48 8.96 
60- 90 9.93 10.30 10.05 9.80 9.56 9.93 
90-120 9.80 9.92 9.92 9.92 9.43 9.80 
120-150 9.95 9.95 9.83 9.70 10.20 9.95 
150-180 10.20 10.70 10.45 9.58 10.57 10.33 
180-210 12.61 14.86 14.74 13.24 12.86 13.61 
210-240 16.00 16.37 17.11 15.38 15.87 16.12 
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XII. APPENDIX D: DERIVATION OF THE SOLUTION FOR 
THE SET OF EQUATIONS 
184 
The solution (equation (7) with equations (8) and (9) in pp. 7-9) 
of a set of equations (6) for the water uptake model using the Ohm's 
analogy was derived by the following recurrent procedure: 
(1) For n = 1, the single equation is: 
T -I- V 
•J'l - - q^Rxi 
^1 - %^^l + ^l> + *1 = (i) 
1 1 
where q^  = q^ . 
Let + Rx^  and then the solution is 
^o = (7) 
(2) For n = 2, the set of two equations is: 
q? > 
R%, 
Rx2 
4». 
*1 - 4^1 - 4®! " *0 
4'-) - 12 ^"2 
(ii) 
(iii) 
185 
2 2 2 2 2 
where + q2. To eliminate q^ and q^ from equations (ii) and 
(iii), the equations are changed as: 
"'^o 2 ^1 2 h 
^ ^ (iia) 
*^0 ^ 2 \l _ 2 ^2 . 
Rg + RXg T Rg + Rx^ ^2 Rg + Rx^ . (ma) 
Add equations (iia) and (ilia); then, 
11 2 Rx, 2 2 
"^o^R^ Rg + Rxg) " Rg + Rxg^ ~ ^^1 ^ ^2^ 
1 1 
Let Rg = — + ——^  ^  and then equation (iv) becomes 
? Rx, Rx, ipy 
""oh = 9^ (1+:^  + R, + Rx,) Rg + RXg • 
Again, let 
1 RXi Rx, 
^ ^ Rg + Rxg^ 
^ ^ Rj 1^2 ) • 
and 
then the solution is 
"pQ " -*T4T ^s * (7) 
(3) For n = 3, the set of three equations is: 
186 
U'X, 
3 ^ 3 ^  92 + 13'^ 
ipx. 
I ^ 1 
Rl 
<-
91 
Rx. 
R2 
-vvvW*-
?2 
q3t • RX3 
R3 . 
-AoVVVV> *^ 2 
= 
= 
-q^Rx^ - q^R-i + 
-ST*=1 + *xl 
'xl 
xl 
-(92 + 93)1^2 - 92^2 + ^2 
-(92 + 93)1^2 ~ 93RX3 -
q^ RX] + ^ 3 
(vi) 
(vii) 
(viii) 
(ix) 
3 3 3 3 
where = 9^  + 92 + 93-
from the n = 2 case. 
The solution of equations (viii) and (ix) is 
(x) 
"^xl ^T|n=3 '^T ^^{n=3 
"hsre &l|n.3 = + If + R^i^' 
^sln.3 ' «if + R3 + R3 i RX3' 
. 
Therefore, the remaining equations are 
*0 " -4^1 - 4^ 1 + *1 
*0 " -4®==! - <4 + "a'^ln-S + »s|n.3 ' 
(xi) 
(xii) 
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3 3 3 
To eliminate q^, q^, and q^ from equations (xi) and (xii), change these 
equations as: 
R^  
3 3 ^ *1 
- -
(xia) 
'P. Rx, 
-q Slin.3 ^ - <4 + -
3. I3; 
'P s |n=3 
& I n=3 
and add equations (xia) and (xiia); then 
Rx 
«ot + & T|n=3 = -4^ir % i n=3 
- 'n=3 
^ + 1) + 
1 %ln=3 
(xiia) 
(xiii) 
JL • 1 
R = J. + _J: = A. + R% ^ R3 + RX3 
B R, RT|_3 + 
= — + — (— + ) 
Rl 'Rg R_ + Rx.-' 
Rx2 Rxg 
where D, = 1 + —— + -—]—r—; then equation (xiii) becomes 
2 3 ' ^^ 3 
= -qT(i + + 
' - 4'i + ^ ^ + R3 + RX3" 
+ (i; + R3 +^ E 3^» • 
Let + + 
+ 51 (#1 + R3 +'5x3" • 
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then the solution is 
'4^ = ' (7) 
(4) For n = m, assume the solution is true and consider n = m + 1 
qxl R%:i 
1 
Ri 
n 
"TIn=m+l 
* ip ] 
n 
I q? 
i-2 
n 
n n 
*0 " -4^1 - tih + *1 
». = -4"^! - (.Z, + % 
To eliminate q^ , q^  q^ , change these equations as: 
(xv) 
(xvi) 
»o n n ^ ' h  
iÇ - -Si ÏÇ- - (xva) 
n 
n ^ 1 V n 
^ - J2 
n 
È. T n 
(xvia) 
and add equations (xva) and (xvia); then 
1^ R. 
•T n R. 1 ^|n 1 ^|n 
Let 
(xvii) 
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then the solution is 
n 
-''A + (7) 
